EFFECTS OF PLANT-BASED DIETS ON THE DISTAL GUT MICROBIOME OF RAINBOW TROUT (Oncorhynchus  mykiss). by DESAI, ATUL
  
 
EFFECTS OF PLANT-BASED DIETS ON THE DISTAL GUT 
MICROBIOME OF RAINBOW TROUT 
(Oncorhynchus  mykiss). 
 
 
Submitted to the College of Graduate Studies and 
Research of the Univers ity of Saskatchewan in partia l 
fulfi l lment of the requirements for the degree of  
Doctor of Philosophy in the Department of Veterinary 












© Copyright Atul R. Desai, March, 2012 




PERMISSION TO USE 
In agreement with the  outl ines  se t  out  by the  Co llege  o f Gradua te Stud ies  
and Resea rch at the Unive rs ity o f Saska tchewan, I a l low the Unive rs ity o f  
Saska tchewan Lib ra r ies to make this  thes is ava ilab le to a ll inte res ted pa r t ie s.  
Also in acco rdance with the  Co llege o f Gradua te S tud ies  and Research, I  a l low 
this  thes is to  be  cop ied “ in any manner , in who le or in pa r t, fo r scho la r ly  
purposes”.  This  thes is  may not , however, be  rep roduced or  used  in any manner  
fo r f inanc ia l ga in without  my writ ten consent.  Any scho la r ly use  o f this  thes is,  in  
par t  o r  in who le , mus t  acknowledge bo th myse lf and  the Unive rs ity o f  
Saskatchewan.  
Any reques ts fo r  copying o r us ing th is  thes is ,  in any fo rm o r  capac ity,  
should be made to:  
Head of Departme nt of Veterinary Microbiology  
Univers ity of Saskatchewan  
Saskatoon, Saskatchewan  









Rep lacement o f f ish mea l in aquacu lture d ie ts  with p lant  p ro te ins  is  
economica lly des irab le ,  but  the  e ffec ts o f these a lterna t ive  p ro te in sources on 
fish intest ina l mic rob io ta a re  poor ly unders tood . The fish intest ine  is  co lonized  
by a d ive rse  popula t ion o f mic ro-organis ms o f wh ich bac ter ia  fo rm the b igges t  
component.  The intes t ina l mic rob io ta p lays important  ro le s in d iges t ion,  
pa thogen exc lus ion, ma intenance o f intest ina l homeostas is , and in the  
deve lopment o f the immune  sys tem o f the f ish. The purpose o f this  thes is  was to  
cha rac te r ise  the  intes t ina l mic rob io ta o f ra inbow trout ( Oncorhynch us  myk iss )  fed  
with d ie ts  based  on p lant  ingred ients.  S emi quantita t ive  (c lone  l ib ra ry ana lys is  
and  454 pyrosequenc ing)  and quantitat ive  (qRT-PC R) techniques based  on the  
cpn60 gene,  and  dena tur ing grad ient  ge l e lec tropho res is   (DGGE) based  on the  
16S rRN A were used to cha rac te r ise the intes t ina l mic rob io ta and eva lua te the  
e ffects o f p lant based exper imenta l d ie ts  on the  s truc ture o f the intes t ina l  
mic rob io ta. A s tudy was a lso conducted  to  eva lua te  the  extent  to  which  
ind ividua l f ish in a rec ircula t ing aquaculture  sys tem share  s tra ins  o f bac te r ia,  to  
understand the e ffect  tha t a shared  rec ircula t ing fac il ity might  have on our  ab il ity  
to  re so lve  d if fe rences  in the  intes t ina l mic rob io ta  o f fish fed with d iffe rent  d ie ts.  
Regard less o f the  techn ique used , the intes t ina l mic rob iota o f f ish fed with p lant  
based d ie ts  were  a lways d is t inguishab le  from f ish fed with f ish  mea l d ie ts.  
Intes t ina l mic rob io ta  o f fish fed with p lant  ba sed d ie ts  had  higher  
F irmicutes :Pro teobacter ia  rat io s  compared to the ir  co rrespond ing contro ls.  This  
trend was  seen with bo th cpn60  c lone  lib rary ana lys is  o f poo led samp les  o f  
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inte s t ina l contents,  and  cpn60 based  pyrosequenc ing o f intest ina l mic rob io ta  
fro m ind iv idua l fish. Eva lua t ion o f the e ffec ts o f p lant based d ie ts on the  
intes t ina l mic rob io ta by DGGE and pyrosequenc ing showed tha t the mic rob iomes  
o f f ish fed with p lant pro te in concentrate d ie ts were le ss d is t inguishab le  from 
fish mea l contro l d ie t assoc ia ted mic rob iomes , than were  mic rob iomes  o f f ish fed  
with p lant  mea l based d ie ts.  GTG5  rep PC R ana lys is  o f C arnobacter ium  
malta romat icum  iso la te s showed that  even though the f ish were  rea red in a  
rec ircu la t ing fac i lit y, ind iv idua l fish hos ted  d is t inc t  C.  ma ltaromaticum  s tra ins ,  
suggest ing a  minimal leve l o f sha r ing o f bacter ia l s tra ins  be tween fish housed in  
a common env ironment . Q uantita t ive  rea l- t ime  PC R was used to de te rmine the  
abundance  o f spec if ic  bac te r ia l ta rgets in f ish intes t ina l content s a ssoc ia ted with  
par t icu la r p lant based d ie ts in two rep lica te t r ia ls, to de termine  if the d ie ts had  
rep roduc ib le  e ffec ts on the  composit ion o f intes t ina l mic rob io ta . Even though the  
d iets  d id  not  have  a  cons is tent,  reproduc ib le  e ffect  at  the spec ies  leve l,  it  was  
observed  tha t  inte st ina l mic rob io ta composit ion was  a lways  mod if ied with change  
in d ie t.   Results  o f these  s tud ies  ind ica te  that  inc lus ion o f p lant  ingred ients  to  
rep lace f ish mea l a lters the  s truc ture o f the  intes t ina l mic rob io ta  o f ra inbow trout.  
Add it iona lly,  the prote in concentra te  fo rms  o f the  exper imenta l ingred ients  
reduce the impac t o f p lant  ingred ients on the intes t ina l mic rob iota struc ture  
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Chapter 1 LITERATURE REVIEW 
1.1 Aquaculture industry 
The Food and  Agriculture  Organiza t ion  o f the United N ations  (F AO) 
repor ted that  world wide f ishe r ies produc tion exceeded  142 mil l ion tonnes o f 
fish in 2008, an inc rease from 118 mil l ion to nnes in 1998 (F AO. 2010) . This  
mass ive  growth was poss ib le  because  o f indus tr ia l isa t ion o f the  aquaculture  
sec tor . In contras t,  world cap ture f ish p roduc tion in 2008  was es t ima ted  a t  90  
mil l ion tonnes and  has been s ta b le over the past  1 5 yea rs  (F AO. 2010) . The FAO  
has  es t ima ted tha t  growth in the  aquaculture  indus try will continue ,  and  outpace  
a ll o the r  animal mea t  p roduc ing sec tors due  to  its s teady annua l growth ra te o f 9% 
s ince 1970. The de f ic it  in ava ilab i l ity o f f ish and fish p roduc ts tha t has been 
crea ted due to  the inc rease in consumption o f sea food  and stagnant cap ture fish  
produc tion can be eas i ly covered by the growth o f the aquacu lture indus try.  
Globa lly, aquacult ure p roduc ts p rov ide  1.5 b i l lion peop le with 20% o f the ir  per  
cap ita  intake  o f animal p ro te in (F AO.  2010 ).  In the  coming yea rs  there wil l be  a  
continuous  growth in aquaculture  p roduc tion but it  wil l no t  be  a t  the  same  ra te  
as  seen in recent  years  owing to  many fac to rs  such ava ilab il ity o f sus ta inab le  
d iets,  c l ima te  change , and economic  cha llenges such as  reduc ing use  o f fo ss il  
fue ls  and the  co rrespond ing burden on a lte rna t ive  ene rgy resources  (F AO . 2010) .  
Almost fo r ty- five mil l ion peop le  a re d irec t ly depend ent on the  
aquaculture indus try for the ir  live lihood and income , with a 3 .6% average ra te  
o f emp loyment inc rease eve ry yea r s ince 1980 (F AO.  2010 ). This  deve lopment 
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assoc ia ted  with the  aquaculture  indus try a ffects  540  mil lion peop le  or  8% o f the  
world’s populat ion who are direct ly or indirect ly affil ia ted with this sector.  
 
1.2 The fish meal problem 
1.2.1 Dependence on f ish meal 
F ish mea l (FM)  and  fish o i l a re  ma jo r  components  o f the  f ish feed  tha t  
suppo rts the ever  growing aquaculture  sec to r  because  o f the ir  idea l nutr ient  
qua lity.  F M is  a  p r ime ,  high ly d iges t ib le  source  o f pro te in ,  r ich in e ssentia l  
amino  ac ids such as lys ine  and methion ine . F ish o i l is a good source o f 
e icosapentaeno ic  ac id and  docosahexaeno ic ac id , nutr ients tha t are no t found in  
p lant ingred ients and p lant  o il but  a re  e ssentia l fo r growth o f fish  (Watanabe.  
2002 ).  The c ap ture  fish indus try ha rves ts fish l ike c lupe ids  (C lupea  sp.,  
Ethmid ium  sp. ), cape lin (Mallotus v i l lo sus) , and anchovy (E ngrau lidae sp. ) for  
the d irec t production o f F M and f ish o i l.  The supp ly o f FM and f ish o il has  been 
stagnant, mak ing it  more and more cha l leng ing to suppo rt the aquaculture  
indus try.  The  b igges t cha llenge  tha t  the  indus try is  fac ing now is  to  f ind  
sus ta inab le, economica l and environmenta l ly fr iend ly subs t itutes fo r F M and  
fish o i l.  Growth in the  aquaculture indus try is  a  b less ing but a lso a  curse  to  wild  
fishe r ie s  s tocks and  natura l eco logica l hab itats.   I t is  a lso  a source  o f was te  
which fur the r  a ffects  marine  spec ies  and  the  env ironment. Dependence on F M in  
aqua- feeds fur the r e leva tes the prob lem, with the po tentia l to cause the co l lapse  
o f natura lly ava ilab le  world  fish s tocks  (N aylo r,  et  a l . 2000) . The  indus try 
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perception o f inc rease in aquaculture produc tion compensa t ing the  wild  f ishe r ies  
produc tion may no t  be ent ire ly t rue  as the  p roduc tion o f fa rmed  ca rnivo rous  
spec ies o f fish in aquaculture requires 2.5 to 5 t imes more b iomass than wha t is  
supp lied by the fa rmed end  p roduc t. Demand fo r F M and  fish o il is  growing  
immense ly in the aquaculture  indus try but  it  is important to no te  t ha t the swine  
and  poultry sec to r  a re  actua l ly the  b iggest  consumers o f FM and  fish o i l (Naylo r , 
et  a l. 2000 ) mak ing it  expens ive and  fur the r cons tra in ing the growth o f 
aquaculture indus try.  
1.2.2 Alternatives for f ishmeal 
The use o f FM and f ish o i l wil l have to  decrease  in the long term fo r  
reasons  such as d imin ishing globa l supp lie s o f fo rage f ish, inc reas ing market  
pr ice because  o f inc rease in globa l p r ices  o f energy,  p rocess ing and  shipp ing ,  
and inc reas ing p ressure to subs t itute F M with othe r sus ta inab le  a lte rna t ives  
(Tacon, et  a l.  2008 ).  A viab le  a lte rnat ive  fo r  FM should  be eas ily ava i lab le,  
compe tit ive ly p r iced,  and  easy to  p rocess,  s tore and  hand le .  Most important ly,  it  
should  have  essentia l nutr it iona l cha rac ter is t ic s  s imila r  to FM and  should  no t  be  
l inked  to undes irab le  outcomes such as reduced  growth, decreased  hea lth ,  and  
poor quality end product.  
There a re  a few examples  in the sc ientif ic  lite rature suppo rt ing the  idea o f 
comple te ly o r subs tantia l ly rep lac ing F M in aqua  feed  with a lte rna t ive  p ro te in  
sources  (Regos t, et  a l.  2003 ; Kaushik , et  a l. 2004) . By-p roduc ts from animal 
process ing,  p lants,  s ingle  ce l l products  such as bac ter ia , mic ro-a lage , yeas t and  
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pro tis ts, d if fe rent types o f zoop lank ton and insec ts have been used to rep lace  
FM (Tuominen, T. R.  & Esmark,  M. 2003;  Aas ,  et  al . 2006 ;  O lsen ,  et  al . 2006;  
O lsen,  et  a l.  2007 ).  P lank tons  such as  k r il l,  copepods  and  mic ro-a lgae are  high  
in prote in and  a re a good source o f omega  3 fa t ty ac id s,  mak ing them 
par t icu la r ly goo d cand ida tes  for  rep lac ing F M (C ury, et  a l.  2000 ;  Ata lah , et  a l.  
2007 ;  Naylo r,  et  a l. 2009) . Most  o f these stud ies sugges t that  rep lacement o f FM 
with othe r marine  and  no n- f ish sources can be  achieved  without  a ffec t ing fish  
hea lth and produc t qua lity.  However, exp lo ita t ion o f na tura lly ava ilab le  
p lank ton s tocks can have a negative  e ffect  on the eco logica l ba lance in h igher  
trophic leve ls .  
Compared to animal by-p roducts, p lant  ingred ients with the ir high p ro te in  
content , e ssentia l amino  ac ids , good pa la tab il ity and high nutr ient d iges t ib il ity  
are bet ter  cand ida tes to  rep lace  FM. These ingred ients  a re ava ilab le  globa lly and  
have compe tit ive  p r ices. There a re many stud ies foc used on rep lac ing F M with  
p lant ingred ients,  but the f ind ings  a re  ma in ly based on the d igest ib i l ity o f the  
d iets and usua lly the sho r t durat ion o f the  s tudy limits the app lica t ion o f the  
find ings  to unders tand ing the  e ffects o f long- term usage o f these  ingred ients in  
aquatic  d ie ts.  Never the less , many p lant ingred ients such as  bar ley,  wheat , co rn,  
co ttonseed,  soybean,  cano la ,  peas  have been used  to  rep lace  F M and have  been 
discussed by Gatlin et  al. (Gatlin, et  al. 2007).   
Soybean, co rn and whea t have been wide ly eva lua ted and  used  by 
producers  and resea rchers  a l l around the world  fo r rep lac ing FM in aqua  feeds,  
with mixed results . Rep lacement o f F M with soybean mea l has been found to  
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have nega tive  e ffec ts  on the  hea lth,  feed  e ffic iency and  growth o f fish  
(Ostaszewska,  et  a l. 2005 ; Romarhe im, et  al . 2006 ),  while  o thers have repo r ted  
benefits  when these  ingred ients  a re inc luded  a t low leve ls  o f 18  to 32  % 
(Dabrowsk i, et  a l. 1989 ; Refs t ie , et  a l . 200; Morr is , et  al . 2005 ). O n the o ther  
hand , soybean p ro te in concentrate has been used successful ly to rep lace FM at  
inclus ion rates of up to 40 % in aqua feeds (Heikk inen , et  al. 2006).  
Othe r p lant ingred ients  tha t are common ly found  in aqua feed  a re whea t  
and  gluten mea l.  These ingred ients  a re  not  on ly cons idered  as  rep lacements  for  
FM but  a re  used  to reduce the use  o f soybean in aqua feed (Hardy. 2010) . Co rn 
mea l gluten is  ano ther  wide ly used p lant  ingred ient  in aqua  feed but it  is  no t  a  
suitab le  cand idate on its own unless supp lemented with e ssentia l amino  ac ids  
(Hardy. 2010).  
  
1.3 Challenges and limitations  of including plant ingredients  
1.3.1 Growth performance  
As mentioned  ear l ie r,  FM and f ish o i l is  r ich in e ssentia l amino ac id s ,  
which are required  for  op timum f ish growth and are essentia l fo r  fish hea lth.  FM 
is  a lso a good source o f ene rgy. Reduc tions in the leve ls o f FM and fish o il  
when rep laced with a lte rna t ive  p ro te in sources should  not  in any way reduce  the  
amount o f ene rgy and nutr ient content o f the d ie t (S ubcommittee on F ish 
Nutr it ion,  Na tiona l Resea rch C ounc il.  1993) . However , pa la tab i lity and  
d iges t ib i l ity o f d ie ts  based  on p lant  p ro te ins  can a ffec t  the  growth and  
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perfo rmance o f fish. Feed ing and d iges t ib i lity exper iments  with d ie ts based on 
p lant ingred ients with and without  supp lementat ion o f e ssentia l amino  ac ids  
showed tha t growth per fo rmance  o f fish was reduced in comparison with FM 
based  d ie ts  (Gomes , et  a l.  1995 ;  Espe,  et  al . 2006) .  This  reduced  growth 
perfo rmance was a re sult  o f reduction in feed intake . Atlant ic  cod (Gadus  
morhua)  fed with p lant based d ie ts showed reduced  appe tite re sult ing in  
reduc tion in spec if ic  growth ra te  o f the  fish (Hansen,  et  a l.  2007 ).  Aqua feed  
fo rmu la ted us ing p lant  ingred ients conta in h igher  f ib re  content  (Rob inson,  et  a l.  
1981 ),  which reduces the  d iges t ib i lity o f the  feed  (McGoogan,  et  a l.  1996 )  s ince  
ca rnivo rous  fish a re  unab le  to  eas i ly d iges t ca rbohydra tes as  compared  to  o ther  
vertebra tes and humans (Millward. 1989).  
1.3.2 Anti-nutrit iona l factors 
It has been sugges ted tha t d ie ts based on p lant  p ro te in prod uc ts can be  
suff ic ient  fo r f ish growth (S ubcommittee  on F ish N utr it ion,  Na tiona l Resea rch 
Counc il.  1993 ).  However,  these  ingred ients  conta in va r ious  ant i - nutr it iona l  
factors,  which can negative ly a ffec t  the  g rowth and hea lth o f f ish.  Anti-
nutr it iona l fac to rs can be de f ined as “na tura lly occurr ing toxins  o r ant i-
me tabo lites , whose func tion in p lants is  a s na tura l insec t ic ides or , genera lly, as  
par t  o f surviva l mechanis ms tha t  p revent  graz ing and  consumption o f p lants  by 
insects and o ther he rb ivo res” (Hendricks . 2002 ). Some p lant assoc ia ted anti-
nutr it iona l fac to rs  a re  t ryps in inh ib ito rs,  hemagglut inins , gossypo l,  
cyc lopropeno ic  fat ty ac ids , a lka lo id s and phyt ic ac id (S ubcommittee  on F ish 
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Nutr it ion, Na tiona l Research Counc il. 1993 ; Refs t ie , et  a l. 1998 ). P hytic ac id  
can b ind  phospho rous, which is  an essentia l n utr ient  fo r  fish and o the r  non-
ruminants, mak ing it  le ss b io- ava ilab le and d iges t ib le  (F ranc is, et  a l. 2001 ).  
P hytic  ac id is  jus t  one example  tha t  shows that  its  p resence in any d ie t  can 
cause  reduc tion in the  nutr it iona l va lue  o f the  d ie t , re sult ing in a  var ie ty o f 
phys io logica l e ffec ts . These  anti- nutr it iona l fac to rs  can a lso  cause  reduc tion in  
pro te in intake and ut i lisa t ion a ffec t ing no rmal growth (K rogdahl, et  a l. 1994;  
Vie lma,  et  al . 2000 ).  I t  has been suggested tha t ant i- nutr it iona l fac to rs can be  
d ivided  b road ly into four groups based on the ir  mechanism (Franc is,  et  a l. 2001) : 
(1 ) fac to rs tha t interfe re with p ro te in d iges t ion and ut il iza t ion, inc lud ing  
pro tease inhib itors,  tannins and  lec t ins , (2 ) ant iv itamins , (3 ) fac tors that  reduce  
minera l ut i lisa t ion by mak ing them unava ilab le  o r  degraded,  such as  phyta tes,  
oxa la tes, g lucos ino la tes, and gossypo l, and (4 ) o ther toxic  substances such as  
myco toxins , mimosine, nitra te s, a lka lo id s, saponins  which a re re la ted to p lant  
ingred ients and have spec if ic  e ffec ts o the r than those desc r ibed fo r the p revious  
genera l catego r ies. Anti- nutr it iona l fac to rs  can be c la ss if ied based o n the ir heat  
stab i lit y. F ac to rs tha t can withs tand thermal p rocess ing a re ca l led hea t stab le  
factors, and those tha t are degraded by the rmal p rocess ing a re ca l led hea t lab i le  
factors. 
Even though many s tud ies have concentra ted on the e ffects o f feed ing  
p lant based d ie ts to f ish, the e ffec ts o f ant i- nutr it iona l fac to rs are not fu l ly  
understood . Anti- nutr it iona l factors assoc ia ted  with p lant  ingred ient  based d ie ts  
reduce d igest ion and  p ro te in ut i lisa t ion d irec t ly a ffec t ing the growth o f 
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sa lmonid  fish (Krogdahl, et  a l.  2010 ). Resea rchers have a lso obse rved that  
inc lus ion o f high leve ls  o f soybean in aqua feed is assoc ia ted with d is ta l gut  
in f lammation and high number s o f intrace l lu la r vacuo les. Any d ie t re la ted  
damage to the intes t ine  can be charac te r ised  by markers  like  inc rease or  
dec rease in numbers o f mucus  p roduc ing gob le t ce l ls , changes in mucosa l 
fo ld ing and connec tive  t is sue , and inc rease  in the  number o f in f la mmato ry ce l ls  
in the  lamina  p rop r ia  (Baeverfjord ,  et  a l.  1996) . Soybean- induced ente r it is  is  a  
cond it ion linked to extreme usage  o f soybean in f ish d ie ts , in which severe  
nec ros is is  seen in the  intes t ine  (Baeverfjo rd ,  et  a l . 1996 ).  Never the less  
subs t itut ion o f up to  75% o f FM with p lant ingred ients in d ie ts has  been tr ied  
and  has  re sulted  in no rma l growth o f Atlant ic  cod  (Gadus  morhua )  with  
margina l effects (Olsen, et  al. 2007).  
P lant  based d ie ts fed to fish can a ffect  the gastro intes t ina l mic rob io ta  
(Ringo , et  a l. 1995; Ringo , et  a l. 1999 ; O lsen, et  a l. 2006 ; Ringo , et  a l . 2006a).  
These  s tud ies  show that  d ie t  assoc ia ted  changes  in the  intest ina l mic rob io ta  may 
be respons ib le fo r reduced growth. Recent stud ies inves t iga t ing the e ffec ts o f 
soybean mea l based  d ie ts on the intes t ina l mic rob io ta o f Atlant ic cod (Gadus  
morhua) and ra inbow trout po inted to a probab le ro le o f inte st ina l mic rob io ta in  
the ae t io logy o f soybean mea l induced ente r it is  (He ikk inen ,  et  a l.  2006 ; Ringo ,  
et  al . 2006c) . In ano the r study some  in fo rmation about a ltered intes t ina l  
mic rob ia l s truc ture  and its  poss ib le  ro le  in intest ina l pa tho logy in Arc t ic char  
(Sa lve l inus  a lp inus ) fed  with inulin can be  found (Ringo ,  et  a l.  2006a) . The  
mechan ism through which intes t ina l in f lammation is  caused is  not ve ry c lea r,  
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but  ev idence from s tud ies  o f o the r mammals  sugges ts  tha t  mod ifica t ion o f the  
intes t ina l mic rob io ta can d is rup t s igna ll ing necessa ry for  no rmal intes t ina l  
barr ie r func tion, re sult ing in a lack o f recognit ion o f commensa l bac ter ia as  
non-pa thogenic (Hooper, et  a l. 2001 ). I t has been shown in intes t ina l bowel 
d isease re la ted  s tud ies tha t in ge rm free  mice  the re  is  no intes t ina l in f lammation 
suggest ing a ro le  o f inte s t ina l mic rob io ta  in the  pathogens is  o f inte s t ina l  
in f lammation (Hanauer. 2004;  Elson , et  a l. 2005) . This  in fo rmation in re la t ion 
to  fish is  no t ava ilab le . A be t te r unders tand ing o f the  aet io logy o f intes t ina l  
in f lammation in fish and de te rmina tion o f the ro le o f p lant  based ingred ients in  
this  p rocess wil l require an improved unders tand ing o f the struc ture and  
func tion of the normal intes t ina l microb io ta of fish.  
 
1.4 Intestinal microbiota of fish 
The mic rob ia l commun ity o f the intes t ine  is  more  dense ly popula ted than 
the exte rna l environment,  sugges t ing the  p rovis ion o f bet ter  eco logica l niches,  
favourab le  for  the growth o f these  mic ro -organisms (Denev,  et  a l . 2009) . The  
ce llu la r s truc ture  and  phys io logy o f d iges t ion o f the f ish gas tro intes t ina l t ract  
are quite  s imila r in some aspec ts to tha t o f higher  ve r tebrates  so it might  be  
assumed  tha t the s tructure o f the intes t ina l mic rob io ta is a lso s imila r . However,  
the intest ina l mic rob io ta o f f ish is comparat ive ly le ss dense and  d ive rse than  
humans  and o ther endo the rms. The human intes t ina l mic rob io me  is ma in ly  
composed o f anae robes  which are p rese nt in numbers  o rde rs o f magn itude h igher  
than ae robes (Ne ish.  2009 ), whereas  the  fish intes t ina l mic rob io me  is  ma in ly  
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comprised o f ae robes  and faculta t ive  anae robes  (Trus t,  et  a l . 1974 ). S imila r ly,  
when bacter ia l counts o f human and othe r ve rteb ra te  intes t ina l mic rob iomes  a re  
compared to  fish it  is  observed  that  the  intes t ina l mic rob io ta  o f f ish is  no t as  
dense  (Trus t,  et  al . 1974 ; Trus t.  1974 ;  Ne ish.  2009 ).  These  mic roo rganisms p lay 
an important ro le in the hea lth and nutr it ion o f the f ish and many stud ies have  
been undertaken to characte r ize the structure of the fish intes t ina l microb io ta.  
1.4.1 Beneficial role of  intest inal microbiota  
The intest ina l mic rob io ta o f fish p lays important ro les in me tabo lic as  
we ll a s p ro tec t ive func tions o f the gas tro intes t ina l t rac t (Denev, et  a l. 2009 ).  
The res ident mic rob io ta  me tabo lis es nutr ients , has an antagonis t ic  act iv ity  
aga ins t  known fish pa thogens such as V ibr io spp . and compe tes with pathogenic  
bac te r ia  and res tr ic ts  the ir  co lonisa t ion in the  intes t ine  (Denev, et  a l.  2009 ).  
Stud ies  in zeb ra f ish sugges t that intes t ina l mic rob io ta p lays an important ro le  
in an immuno-phys io log ica l regula t ion between the hos t and the mic rob io ta  
result ing in strengthen ing the immune system (Rawls , et  al. 2004).  
Growth o f f ish pa thogens  in the  intes t ine  o f f ish is  counte red by the  
antagonis t ic  p roperty o f the res ident inte s t ina l mic rob io ta  (Saha,  et  al . 2006;  
Skrondenyte, et  a l . 2006 ; S ugita , et  al . 2006 ). The benef ic ia l inte s t ina l  
mic rob io ta o f f ish is  known to  compe te with pa thogenic  bac ter ia  fo r  adhes ion 
s ites  on the  intest ina l wa ll (Gomez,  et  a l. 2008 ; P erez, et  a l.  2010 ) and  ava ilab le  
nutr ients  (Tinh,  et  al .  2008 ).  I t  has  been shown tha t  pa thogenic  genera  such as  
Aerom onas,  V ibr io and Yers in ia  a re  res tr ic ted from adher ing to the intes t ina l  
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wall in the p resence o f a hea lthy intes t ina l mic rob io ta . The adhes ion o f 
benefic ia l lac t ic ac id bac te r ia to the intes t ina l wa ll a lso reduces the adhes ion o f 
pathogenic bacteria (Ringo, et  al. 1995; Balcázar , et  al. 2008).   
The intest ina l mic rob io ta o f f ish is  a lso known to perfo rm enzymatic  
func tions  and p roduce ce l lu lyt ic,  lipo lyt ic , amy lo lyt ic and p ro teo lyt ic  enzymes  
which he lp  in d igest ion o f s imp le  and  complex p ro te ins , l ip id ,  ce l lu lo se  and  
chit in inges ted in d iffe rent feed s (Ba iragi, et  a l. 2002;  S ugita , et  al . 2006 ). The  
enzyme p roduc ing func tion o f the intes t ina l mic rob io ta o f f ish has been o f 
inte res t in the  deve lopment and  identif icat ion o f p reb io t ic s and p rob io t ics  
(Bairagi, et  al. 2002). 
1.4.2 Culture based characterisat ion of  f ish intest inal microbiota 
Culture based s tud ies o f the intes t ina l mic rob iota o f fish have led to the  
understand ing o f the intes t ina l mic rob io ta o f d iffe rent fish spec ies be ing main ly  
composed o f ae robes  and  faculta t ive  anaerobes  (Cahil l.  1990 ;  Ringo ,  et  a l.  1995 ; 
Spanggaard , et  a l. 2000 ). Typ ica lly the intes t ina l mic rob io ta o f sa lmonid  fish is  
composed o f more o f aerob ic  bac te r ia  (108  b ac te r ia  g-1)  than anae rob ic  bac te r ia  
(105  bac ter ia  g-1) (Trus t, et  a l. 1974 ; Trus t, et  a l. 1974;  Ringo , et  al . 1995 ).  
Bac te r ia l counts o f the intes t ina l mic rob io ta  o f Arc t ic  char  (Sa lve linus a lpinus)  
showed  tha t  app roximate ly 10 5  bac te r ia  g-1  were  p resent  in the  intes t ine  and  
inc luded predominantly Aerom onas,  Acinetobacter,  Cyt ophaga , Moraxe lla,  
Streptococcus, and Lactobacillu s (Ringo, et  al. 1994). 
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Most s tud ies  cha racte r is ing the  intest ina l mic rob io ta us ing cu lture based  
techniques concentra te  on aerob ic culture me thods to  cult iva te bac t e r ia , lead ing  
to  the  poss ib ly f lawed  conc lus ion tha t  anae rob ic  bac te r ia p lay a  mino r ro le  in  
the GI  trac t o f fish (S panggaard ,  et  al . 2000 ).  However, Spanggaard  (2000)  
observed  tha t bo th culture  p la te  counts and  mic roscop ic  e s t ima tes  o f aerob ic  
bac te r ia  were  high ly corre la ted,  and conc luded  tha t anae rob ic  bac te r ia  p lay a  
mino r  ro le  a s the  counts were ve ry low compared to  ae robes  and  faculta t ive  
anaerobes.  As it is d iff icu lt to de te rmine a bac te r ia l spec ies us ing mic roscopy 
these conc lus ions  could  be f lawed.  Most o f the bac ter ia l spec ies  identif ied in a  
study o f ob liga te anaerobes from the intest ines o f go ld fish (Carass ius auratu s)  
and  ra inbow trout were previous ly un identif ied and thus the  func tions  tha t they 
ca rr ied out were a lso  no t known (Trus t,  et  a l.  1979 ).  Anaerob ic  bac te r ia  from 
the intes t ina l mic rob io ta o f freshwate r  fish spec ies  were  stud ied by Saka ta  et  a l.  
in 1980  (S akata,  et  a l.  1980 ). The  main a im o f this  s tudy was to  compare  the  
numbers  o f anae rob ic  and  aerob ic  bac te r ia l spec ies  in the  intes t ine s o f 
freshwate r fish. I t was obse rved tha t the re was a non- s ign if icant d if fe rence  
be tween the  aerob ic  and  anae rob ic  counts on culture  med ia.  Anaerob ic  ja rs  were  
used to cult iva te  the  anae rob ic  bacte r ia ,  which were  no t  s tr ic t ly anae rob ic  a t  the  
beginning but became  anaerob ic  gradua lly,  which might  have  a ffec ted the result .  
Clostr id ium , Porphorymonas , F usobacter ium  and Bactero ides  a re  some o f the  
anaerob ic bac ter ia  genera iso la ted from the intest ine s o f fish such as ange lfish  
(Pterophy llum sca la re ), southe rn f lounder (Para licht ys lethost igm a) and osca rs  
(Astronotus ocellatus) (Ramirez, et  al. 2003).  
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Culture-based  s tud ies are  t ime  consuming and  logis t ica l ly complex.  Most  
stud ies conduc ted in the pas t  emp loyed  only one  nutr ient  med ium a t one  
tempera ture (usua lly 20 °C ), and it  has been shown tha t the to ta l viab le bac te r ia  
count  can be  d if fe rent  on d if fe rent  nutr ient  aga rs  (S ug ita,  et  al .  1988 ).  I t  has  
been sugges ted tha t to cha racter ize the intes t ina l mic rob io ta tho rough ly it  is  
necessa ry to use  mult ip le  nutr ient  med ia , incubated  a t d iffe rent tempera tures so  
as  to  targe t  the  wides t poss ib le  range  o f bac te r ia l taxa (Ringo ,  et  a l.  1995 ).  
Desp ite  the  limita t ions  o f culture based  techniques some  find ings,  such as  the  
fact  tha t  the  mic rob i me s truc ture  in d if fe rent regions  o f the  gas tro intest ina l t ract  
is d if fe rent , have fo rmed the bas is o f our unders tand ing o f the s tructure o f the  
fish intest ina l mic rob iome . These  s tud ies  have a lso shown tha t the bac ter ia l  
spec ies in d if fe rent  regions  o f the  gut  as  we ll as  the bacte r ia l spec ies adhered  to  
the gut wa ll a re d iffe rent from the ones present in the intes t ina l content s o f fish  
such as rainbow trout (Trust, et  al. 1974) 
1.4.3 Culture independent  characterisat ion of  f ish intest inal microbiota 
Limita t ions  encounte red with culture based methods can be overcome by 
mo lecula r  techn iques , which a re  cu lture- independent  and  focus  on 
cha rac te r iza t ion o f bac te r ia l commun ity DN A. This  fundamenta l idea  has  been 
used and exp lo ited  by many resea rchers  in d iffe rent  ways.  A majo r  advantage o f 
mo lecula r me thods is the ab il ity to identify and quantify bac te r ia rega rd less o f 
the ir culturab il ity. These  techn iques  have p layed an important  ro le in  
understand ing the  changes tak ing p lace  in the  s tructur e o f inte s t ina l mic rob io ta  
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when pe r turbed by fac tors such as d ie t. C ulture  independent me thods have  been 
use fu l in cha racte r is ing the intes t ina l mic rob io ta o f d iffe rent spec ies o f fish and  
have supp lemented  the  info rmation ga thered  us ing culture  based  tech n iques  
(Hovda,  et  a l.  2007 ;  Denev , et  al . 2009 ; Mansf ie ld , et  a l . 2010;  Merr if ie ld , et  al . 
2010; Navarrete, et  al. 2010).  
PCR dena tur ing grad ient  ge l e lec tropho res is (DGGE) is a  rap id and  easy 
to pe rform technique  tha t has been the most wide ly used mo lecula r  
finge rpr int ing technique s  for  cha rac te r iza t ion o f fish intes t ina l mic rob io ta  
(Spanggaard , et  al . 2000;  Huber, et  a l . 2004 ;  Brunvo ld ,  et  a l.  2007 ; Hovda, et  al . 
2007 ; Zhou , et  a l. 2009) . This  technique  is based on the 16S rRN A gene, found  
unive rsa lly in a ll bac ter ia . DGGE is based on the p r inc ip le  tha t doub le-s tranded  
DN A fragments  with d iffe rent  nuc leotide  sequence s wil l me lt  at  d if fe rent  
tempera ture s (exp lo ited in tempera ture  grad ie t  ge l e lec tropho res is ) or  at  
diffe rent leve ls of chemica l denaturants such as urea (Fischer, et  al. 1983).  
The f irs t step in DGGE is  to amp lify a l l o f the 16S  rRN A sequences  
present  in a  samp le from a mic rob ia l commun ity us ing un ive rsa l PC R pr imers. A 
30-50 base pa ir  GC r ich sequence (“GC c lamp”) is inc luded a t the 5 ’ end o f one  
of the p r imers to avo id comple te  d issoc ia t ion o f the doub le- stranded PC R 
produc t dur ing e lec tropho res is (S heff ie ld , et  a l. 1989 ). PC R p roduc ts a re  
separa ted  on a po lyac rylamide ge l conta in ing a  grad ient  o f urea.  DN A fragments  
with d iffe rent sequences and GC contents have d iffe rent me lt ing behaviours in  
ge ls conta ining urea.  Thus, as the PC R produc ts migra te  through the ge l,  
encounte r ing inc reas ing concentra t ions o f urea , the fragments  become 
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inc reas ing ly denatured  in a  sequence-dependent manner ,  unti l the ir  migra t ion 
through the  ge l decreases or  comple te ly s tops.  Based  on this  p r inc ip le  if a  
genomic  DN A sample  cons is ts o f mu lt ip le  bac ter ia l spec ies  with d iffe rent 16S  
rRNA sequences , the re sult wil l be many bands on the ge l, with the number o f 
band s  co rrespond ing to  the  number o f bac te r ia l 16S  rRN A sequences p resent in  
that  samp le.  The technique  can be app lied to  mu lt ip le  samp les a t the same  t ime  
a llowing the comparison o f mic rob ia l pro fi le s.  To identify the d if fe rent  
bac te r ia l spec ies in the samp le , bands from the mic rob ia l p ro fi le can be  
recovered and sequenced. In this manner bo th cult ivab le and non-cult ivab le  
bac te r ia  in the  samp le  can be  s tud ied .  Any PC R based  techn ique  poses  the  
l imita t ions o f PC R b ias. P re fe rentia l amp lif ica t ion occurr ing due to PC R b ias  
can cause a  p rob lem fo r  DGGE ana lys is . Prob lems such as ch imera and  
he trodup lex fo rmation can a ffect  band reso lut ion in DGGE p ro f i le s and are a  
ma jo r l imita t ion to  this  techn ique (Liesack,  et  a l . 1991 ; K opczynsk i,  et  a l. 1994) . 
Length o f fragment amp lif ied in DGGE is  a lso important  s ince sho r te r fragments  
can dec rease  reso lut ion and  be  an obs tac le  for  re l iab le  identifica t ion o f 
mic rob ia l spec ies . Bac te r ia l spec ies  with s imila r  GC  c ontent  and  sequences can 
be d if f icult  to identify a s they wil l have  s imila r  me lt ing cha rac te r is t ic s mak ing  
it  imposs ib le  to separa te  on the ge l.  Ano ther  p rob lem inherent with PC R DGGE 
based on 16S rRN A gene is the poss ib i l ity o f mu lt ip le  bands with a s imila r  
nea res t ne ighbour resu lt ing in over e s t ima tion o f commun ity d ive rs ity.  (N ube l,  
et  al. 1996) . 
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Other mo lecula r based techniques such as tempera ture grad ient  ge l  
e lec tropho res is  (TGGE),  te rmina l res tr ic t ion fragment length po lymorphism ( T-
RF LP), and  fluo rescence in  s itu hyb r id iza t ion (FIS H) have a lso been used to  
cha rac te r ize  the  dominant  bac te r ia l components  o f the ra inbow trout inte s t ina l  
mic rob io ta  (Huber,  et  a l . 2004;  Sogin ,  et  a l.  2006 ;  Mansfie ld ,  et  a l.  2010;  
Navarrete, et  al. 2010; Fjellhe im, et  al. 2011).  
The comple te nuc leo tide sequence  o f 16S rRN A gene  o f E.  coli was  
de te rmined  in 1978 (Bros ius , et  al . 1978 ).  O ver the la st  two decades, sequence-
based methods based on this  gene  targe t have become inc reas ing ly popula r  for  
the culture- independent charac te r iza t ion o f complex mic rob ia l communit ie s.  
More recently, the gene encod ing the unive rsa l 60 kDa chaperonin (cpn60 ) has  
been used in many sequence based mic rob ia l eco logy s tud ies as it  has more  
d isc r imina to ry power than 16S rRN A gene, mak ing it  more in fo rmative  (Hil l, et  
al.  2004 ). Cpn60 based methods invo lv ing the app lica t ion o f un ive ra l cpn60  
PCR p r imers  have been used  to  cha racte r ise  the intes t ina l and  urogenita l  
mic rob io ta o f va r ious an ima ls , inc lud ing humans  (Hil l, et  a l.  2005a ; Hil l, et  a l.  
2005b;  Hill,  et  al . 200 5b ; Lukwinsk i,  et  a l.  2006 ;  Lukwinsk i,  et  a l.  2006 ;  Desa i,  
et  a l. 2009;  Desa i, et  a l.  2009 ; Mansfie ld ,  et  a l.  2010 ; S che llenberg , et  a l.  
2011b) . S ince the  cpn60  gene has a  good  d iscr imina tory power  and  is  usua l ly  
present  in a  s ing le  copy in bac ter ia l ge nomes,  it  is  an idea l targe t  for  spec ies  
spec if ic  PC R assays  used fo r  de tec t ion and quantif icat ion purposes  
(Dumonceaux , et  a l . 2006c).  Q uantita t ive  rea l- t ime  PC R (qRT-PC R)  is  a  
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commonly used technique  to  quantify a  spec if ic  bacter ia l spec ies  o r a  group o f 
related taxa in complex samples.  
Sequenc ing o f lib ra r ies o f c loned PC R p roduc ts from un ive rsa l gene  
ta rgets such as 16S rRN A o r cpn60 has  been used to charac te r ise mic rob ia l  
commun it ie s  a ssoc ia ted with the f ish intes t ine  (Desa i, et  a l . 2009 ;  Ca ton , et  a l.  
2011 ; Mark , et  al . 2011 ). In genera l,  this  app roach invo l ves unive rsa l p r imer  
PCR o f the  targe t  gene  fo llowed  by l iga t ion o f the re sult ing PC R p roduc t s  into  a  
suitab le  c loning vector  fo r c rea t ion o f a c lone l ib ra ry in E.  co li .  C lones  a re  
randomly se lec ted and sequenced , resu lt ing in a co llec t ion o f sequences  
rep resenting the spec ies present in t he o r ig ina l samp le .  Ind ividua l sequences  
can be identif ied by comparison to a re fe rence sequence da tabase such as the  
RDP (Wang, et  a l.  2007 ) o r cpnDB (Hill,  et  a l. 2004) . C lone l ib ra ry ana lys is  is  
not  a  quantita t ive  me thod  s ince  temp la te DN A iso la t ion and  the  p roduc tion o f 
PCR produc t with unive rsa l p r imers a re sub ject  to severa l b iases that can a ffect  
the rep resentat ion o f ind iv idua l spec ies in the l ib ra ry (Bent , et  a l. 2008 ).   
However,  it  can give  an idea  about  the  dominant  bac ter ia  p resent in the  
environment. C harac te r isa t ion o f the  intest ina l mic rob io ta  us ing c lone l ib ra ry 
analys is large ly depends on the number of clones .  
Recent  deve lopments in next  genera t ion high throughput  sequenc ing  
techno logies  have  made it  poss ib le  to under take  much la rge r  sca le  sequenc ing  
stud ies  than were poss ib le  with c lone  lib rary sequenc ing app roaches (Margulie s,  
et  al . 200 5) . Next generat ion sequenc ing techno log ies such as the 454  
pyrosequenc ing method  (Sche llenberg,  et  a l . 2011b;  C haban , et  a l. 2012)  have  
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been adop ted rap id ly by mic rob ia l eco logis ts fo r t he ir  ut il ity in crea t ing de ta i led  
sequence  based p ro f ile s  o f unp recedented dep th.  Recently,  the  cpn60  unive rsa l 
ta rget  was  used as  a suitab le  454 pyrosequenc ing ta rget  to cha racte r ise  
mic rob ia l p ro fi le s (S che llenberg , et  a l. 2011b ; C haban,  et  al . 2012 ).  
P yrosequenc ing does no t re ly on c loning PC R produc ts , but  depends  on pa ra lle l  
sequenc ing o f a la rge number o f temp la tes e l imina ting any po tentia l b iases  
assoc ia ted  with c loning.  In shor t , PC R amplicons  a re  bound  to DN A cap ture  
beads in such a way tha t on ly one amp licon is a ttached pe r bead . Amplicons a re  
subsequently amp lif ied with in ind iv idua l reagent  d rop le t s  (emu ls ion PC R)  
(Margu lie s, et  a l.  2005 ).  These amp licons can then be sequenced  us ing 454  
pyrosequenc ing in which nuc leo tides  a re  added to  the reac t ion and  base  
inco rpo ra t ion is  detec ted by l ight  emit t ing enzymatic reac t ion (Ronaghi,  et  a l.  
1998 ). The add it ion o f sho rt “barcode” sequences ( multip lexing IDs, MID) to  
PCR pr imers used  in pyrosequenc ing has made  it poss ib le to combine mu lt ip le  
samp les in a s ing le sequenc ing run, fo llowed  by b io in fo rmatic sepa ra t ion o f the  
sequence da ta  de r ived from each samp le . This  mod if icat ion makes it  
economica lly feas ib le  to  genera te  mic rob ia l p ro f i le s fo r a  large  number o f 
samp les in a  s ingle  sequenc ing run.  This  app roach has been used extens ive ly to  
study animal and human mic rob iomes (Sche llenberg , et  a l. 2009;  C haban , et  a l.  
2012), includ ing the zebrafish (Danio rerio) (Roesele rs, et  al. 2011).  
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1.4.5 Intest inal microbiota of  salmonid f ish 
F ish eggs  ha tch into la rvae to  become par t  o f an ecosys tem shared  by 
d iffe rent bac ter ia , some o f which can be  pa thogenic (Egid ius . 1987 ). Although  
his tor ica l ly the exis tence o f a sa lmon id la rva l inte s t ina l mic rob io ta was  
quest ioned (S ek i.  1969 ),  it  is  now a we ll accep ted fac t  tha t  the  intes t ine  o f a  
fish is colonized once it hatches from the egg (Hansen, et  al. 1999).  
Bac te r ia present in the surround ing environmen t have  a b ig in fluence  on 
the co loniza t ion o f the sa lmonid  fish intes t ine . Ear l ie r it  was sugges ted tha t the  
fish la rvae  intes t ine  s tays  s te r i le  unti l it  consumes  feed fo r the f irs t t ime  (S ugita , 
et  al . 1988 ), however la te r it was shown tha t the bacte r ia p resent in the pond or  
incubator  can ge t access  to the  gas tro intes t ina l t rac t o f the  la rvae  and  form the  
in it ia l inte s t ina l mic rob iome  (Hansen , et  al . 1999 ).  A s tudy eva lua t ing t he  
intes t ina l mic rob io ta o f go ld  fish ( Carass iu s auratu s)  from egg ha tching to  the  
ma ture  adult  s tage  sugges ted a  three  s tage  deve lopment o f the intes t ina l  
mic rob io ta s ta r t ing from an intes t ina l mic rob io ta  high ly in f luenced  by the  d ie t,  
wa ter and the mic rob io ta in it ia l ly a ssoc ia ted with the eggs  (S ugita , et  a l. 1988 ).  
This  intes t ina l mic rob io ta  changes rap id ly as a re sult  o f the  deve lopment in the  
struc ture o f the  intest ine  in the  larva l f ish. Th is  shift  o f the intes t ina l mic rob io ta  
is  more prominent in fish such as turbo t  and Atlantic  cod, which undergo  
extens ive  metamorphos is  dur ing the  deve lopment from la rvae  to  a  juvenile  s tage  
but le ss p rominent in sa lmonid  fish because the intes t ina l s truc tures o f la rva l 
stage o f sa lmonid  fish a re compara t ive ly we ll deve loped (Al- Maghazach i, et  a l.  
1984 ; Verre th , et  a l. 1992) . In a study to eva lua te the intes t ina l mic rob io ta o f 
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masu sa lmon (Onchorhynchus masou ) and chum sa lmon (Onchorhynchus keta)  
from egg to  fry s tage it  was seen tha t at  ear ly deve lopmenta l s tage ( fry)  the  
bac te r ia l load  ranged from ster i le  to  10 4  g-1  while it  ranged  from 103  to  107  
bac te r ia  g-1  in f inger l ings  (Yoshimizu , et  a l. 1980) . I t was a lso  sugges ted that  
inte s t ina l mic rob io ta  o f f ish a t  the  fry s tage was  in f luenced  by the  wa ter  and  the  
d iet and cons is ted mostly o f spec ies like C orynefo rms and P seudomonas. With  
deve lopment from young to  an ad ult  fry th is  inte s t ina l mic rob io ta  ge ts  shifted to  
Achromobacter spp. , Aeromonas spp. and P seudom onas spp. These bac ter ia l  
spec ies were found to be absent o r p resent a t lower numbers in the intes t ina l  
microb io ta of salmon at the finger ling stage (Yoshimizu, et  al. 1980).  
It has been sugges ted tha t Lact obac il lu s spp. a re a ma jor component o f 
the intes t ina l mic rob iome  o f sa lmonid  f ish (Ringo ,  et  al . 1995) . These  lac t ic  
ac id bac ter ia  p lay a n important ro le  in p ro tec t ing f ish dur ing the deve lopmenta l 
stages from immature la rva to adult by p roduc ing growth inh ib it ing fac to rs  
which suppress the growth o f ha rmful bac te r ia such as V ibr io spp .. Sa lmonid  
fish live  in bo th freshwate r and  marine  env ironments and it  has been sugges ted  
that  the intes t ina l mic rob iomes  o f fre shwater  and  marine  sa lmon ids are  d is t inc t  
in composit ion.  A contras t is  seen in the  intes t ina l mic rob io ta  o f sa lmon id  fish  
and  o ther  f ish from seawate r  where the  intest ina l mic rob io ta  is  composed o f 
ob liga te  anaerob ic  bac ter ia  spec ies  such as  C lostr id ium  and  Bactero ide s  spp.  
(Ringo ,  et  a l.  1995 ).  In the case  o f fre shwate r Sa lmonid  fish the  intes t ina l  
mic rob io ta is ma in ly composed o f bac te r ia from the family Ente robac te r iaceae,  
Aerom onas spp ., P les iomonas and ob liga te anaerob ic bacte r ia o f the genera  
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Fusobact er ium  and Eubacter ium  (Trus t, et  a l.  1979 ; S akata ,  et  a l . 1980 ; Huber,  
et  a l.  2004 ;  Kape tanovic , et  al . 2005 ; Hovda,  et  a l.  2007 ).  The intes t ina l  
mic rob io ta o f sa lmonid  fish changes with migra t ion from seawate r to fre shwater  
owing to change s  in the  wa te r  sa lin ity (Yoshimizu,  et  al . 1976a ;  Yoshimizu ,  et  
al.  1976b ). I t is we ll documented that the intes t ina l mic rob iota o f sa lmonid s,  
l ike  o the r f ish famil ie s,  is  comprised  o f aerob ic , faculta t ive  and  ob liga te  
anaerob ic bacter ia  (Trus t, et  a l. 1979;  Saka ta , et  a l.  1980 ; S ug ita, et  a l. 1985;  
MacFarlane, et  al. 1986).  
When the intes t ina l mic rob iomes o f free l iv ing and farmed Arc t ic cha rr  
were compared it  was seen that the intest ina l mic rob io ta o f fa rm ra ised cha rr  
was comparat ive ly more d ive rse. The intes t ina l mic rob io ta  o f fa rm ed  as we ll as  
free  liv ing f ish had  common bac ter ia l genera such as  A cinetobact or,  A erom onas,  
Flavobacter ium , V ibr io , Pseudomonas , Lactobac illus , Micrococcus and  
Strept ococcus but the intes t ina l mic rob io ta o f fa rmed Arct ic  cha rr a lso  inc luded  
add it iona l bacte r ia l genera such as K urth ia, Agrobact er ium , Brev ibacter ium ,  
Strept ococcus,  Microbact er ium , Arthobacterium , and A lca ligenes (Ringo,  et  a l.  
1994).  
Dis t inc t popula t ions o f bac ter ia  have been recognized co lon iz ing the  
mucosa  and lumen (contents )  o f the intes t ines  o f f ish and othe r ve r teb rates  
(Trus t,  et  al . 1974 ;  Trus t,  et  al . 1979 ;  Huber , et  a l. 2004;  K im,  et  a l. 2007;  
Navarre te, et  al . 2009 ; Navarrete , et  a l. 2010; Blaut . 2011 ). S tud ies eva lua t ing  
the number  o f tota l bacter ia  present  in the  gas tro intest ina l t rac t o f sa lmon id  fish  
have had  contras t ing res ults . Stud ies look ing a t the intes t ina l mic rob io ta o f 
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ra inbow trout  suggest  tha t  the  number  o f ae rob ic  he te ro troph ic  bac te r ia  decrease  
from the proximal to the  d is ta l inte s t ine  while  o the r s tud ies  look ing a t  the  
intes t ina l mic rob io ta  o f Arc t ic  cha rr sugges t  the oppos ite  t rend  (Aus tin,  et  a l.  
1988 ;  Ringo . 1994) . Results  o f s tud ies  o f ye l low ta i l ( Seriola qu inquerad iata)  
and grass ca rp (Ctenopharyngodon ide lla)  support the obse rva t ion o f inc reas ing  
numbers  o f bac ter ia  from the proximal to  d is ta l intes t ine  (Trus t , et  a l. 1979;  
Sakata, et  al. 1980).  
Var ious s tud ies have been done to s tudy the e ffec ts o f p lant  p ro te in based  
d iets on the growth o f fish (Aas , et  a l. 2006 ; Borgeson , et  al . 2006 ; Espe , et  a l.  
2006 ) b ut ve ry few stud ies have been done to s tudy the e ffec ts o f these d ie ts on 
the intes t ina l mic rob ia l commun ity  (Borgeson , et  a l . 2006 ; He ikk inen , et  a l.  
2006 ;  Ringo , et  a l . 2006b ; Bakke-McK ellep,  et  a l.  2007 ) .  These s tud ies  have  
repor ted presence o f d if fe rent spec ies in the intes t ina l mic rob io t a  o f f ish fed  
with p lant  ingred ients  and F M based d ie ts, but  the re is  consensus tha t inte s t ina l  
mic rob io ta o f fish fed  with p lant  based  d ie ts is  more  d ive rse  and r iche r as  
compared to the ir FM fed counterpa r ts (Ringo , et  a l. 2006b ; S i lva , et  al . 2011 ).  
These stud ies have been based manily on culture based techn iques used to  
iso la te intes t ina l bac te r ia l and  then character is ing them by b iochemica l tes t or  
PCR sequenc ing.  There a re no repor ts o f la rg e sca le mo lecula r  s tud ies a imed at  
cha rac te r is ing the  intes t ina l mic rob io ta  and  inves t iga t ing the  changes tak ing  
place in the intes t ina l microb io ta in associat ion with diffe rent plant based diets.  
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Chapter 2 Hypothesis and objectives: 
This  s tudy was des igned to te st the hypo thes is  tha t the s truc ture o f the  
intes t ina l mic rob io ta is a ltered when ra inbow trout a re fed with d if fe rent  p lant  
based d ie ts. Tes t ing this  hypo thes is wil l contr ibute to the  long te rm goa l o f 
understand ing the mic rob ia l eco logy o f the  fish intes t ine  and the re la t ionship  
between diet, intes t ina l microb io ta and intes t ina l health . 
 
The objectives of the study are:  
1) To app ly cpn60-based cult ure independent me thods to descr ibe the  
composit ion of the intes t ina l microb iome of farmed trout.  
2) To dete rmine  the s tructure o f the intes t ina l mic rob iome o f ra inbow 
trout fed with d if fe rent  d ie ts  formula ted  us ing p lant ingred ients  (soybean,  
cano la and  peas)  a t  two d if fe rent  p rocess ing leve ls  (mea l and  p ro te in  
concentra te ). 
3)  To  de termine  if the e ffec ts  o f p lant  based d ie ts  on the intes t ina l  
microb iome of fish are reproduc ib le. 
4)  To  eva lua te  the  extent  to  wh ich bac ter ia l s tra ins  a re  sha red  by fish  
reared  in a  rec ircula t ing aquaculture  fac i l ity ,  us ing Carnobacter ium  
maltaromaticum as an example.  
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Chapte r 3 Characteriza tio n of ra inbow trout (Oncorhynchus 
mykiss) intestinal micro biota and inflammato ry marker gene 
expression in a recirculating aquaculture system 
 
Chap te r  3  is  a  pa rt  o f a  pub lished  mu lt i- d isc ip l ina ry s tudy.  It  is  reproduced he re  
with permiss ion of the copyright owner (Elsevie r) .  
 
Mansfie ld  GS,  Desa i AR,  N ilson S A,  Van Kesse l AG,  Drew MD,  Hil l JE (2010 ).  
Charac ter iza t ion o f ra inbow trout  (Oncorhynchus  myk iss )  inte s t ina l mic rob io ta  




All autho rs pa r t ic ipa ted in the des ign o f the exper iments and contr ibuted to  
writ ing o f the manusc r ipt . N ilson was respons ib le  fo r d ie t  formu la t ion and  
co llec t ing and  ana lys ing d iges t ib i lit y da ta . Inf lammato ry marker  gene  
exp ress ion ana lys is  was  conduc ted by Mansf ie ld . The  autho r o f this  thes is  
contr ibuted to  d ie t mak ing,  f ish husbandry and  samp le  co l lec t ion,  and was  
respons ib le  for  cpn60 c lone lib ra ry generat ion and anlys is,  and qRT-PC R o f 






Intes t ina l mic rob io ta and hos t in f lammatory marker  gene  express ion were  
cha rac te r ized in ra inbow trout  (Oncorhynchus  myk iss ) dur ing a  feed ing tr ia l  
des igned to  de te rmine  the  d igest ib i l ity o f soybean mea l and  fish mea l.   The  tr ia l  
was conduc ted in a freshwate r, b io f i lte red rec ircula t ing aquaculture sys tem in  
Saska toon, C anada .  Intes t ina l contents and t issue were co l lec ted  from nine  fish  
on each o f the two exper imenta l d ie ts and a synthe t ic, case in -based re fe rence  
d iet .  To ta l DN A from contents o f each group was poo led to c rea te temp la te for  
PCR and cons truc t ion o f l ib ra r ie s o f c loned cpn 60  unive rsa l targe t sequences .  A 
to ta l o f 3357  sequences were  p roduced.   The most frequently observed  
sequences were s imila r  to F ir micutes (par t icula r ly Carnobacter ium  
malta romat icum ) and Gamma Pro teobacter ia , inc lud ing ente robacter ia  genera  
Hafn ia , Pseudomonas and Aeromonas .  The fish mea l d ie t a ssoc ia ted mic rob io ta  
was  ba lanced  between Gamma P ro teobac te r ia  and  F irmicutes while  the  soybean 
mea l d ie t a ssoc ia ted mic rob io ta was less d ive rse and domina ted by C.  
malta romat icum.   Spec ies-spec if ic  qPC R o f severa l bac te r ia l spec ies revea led  a  
la rge amount o f va r ia t ion in ta rge t abundance be tween ind iv idua l f ish.   Ana lys is  
o f in f lammato ry marker genes inc lud ing p ro l ife ra t ing ce l l nuc lea r ant igen 
(PCN A), immunog lobulin M (IgM),  and inter leuk in-1  beta ( IL-1β) showed  a  
s ign if icantly h igher  leve l o f PCN A assoc ia ted  with the  r e fe rence  d ie t  and a  non-
s ign if icant t rend o f e leva ted IL-1 , sugges t ing that  the semi- pur if ied re fe rence  
d iet  may be  assoc ia ted with sub- acute intes t ina l damage.   A high leve l o f 
var ia t ion be tween ind iv idua l anima ls was a lso obse rved in the gene  express ion  
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ana lys is .  An examina tion o f corre la t ions with in the combined  results  suppo rt  
the mode l tha t  d ie t  e ffec ts on the  fish intes t ine  inc lude  ind irec t e ffec ts  med ia ted  
through mod if ica t ions o f the  intes t ina l mic rob io ta .  These re sults i l lus tra te the  
benefits  o f co llec t ing exper imenta l da ta from ind iv idua l f ish to inc rease  the  




The complex mic rob ia l commun ity o f the intes t ine  ( intes t ina l mic rob io ta)  
o f te rres tr ia l animals  p lays a c r it ica l ro le  in the  d igest ion o f food,  pa thogen 
exc lus ion and the deve lopment and matura t ion o f the immune  sys tem.   In fish,  
the intes t ina l mic rob io ta  is no t as  dense (viab le counts  approximate ly 10 8  c fu g -1  
(K im,  et  a l.  2007 ; Navarrete, et  a l. 2010) but is presumed to p lay a s imila r ro le  
in the  hea lth and  growth o f the hos t.   Recent  resea rch focused on the  po tentia l  
rep lacement o f fish mea l in aqua  feeds  with p lant - de r ived prote ins  has  led to  the  
observa t ion o f pa tho logica l changes  and in f lammation in the intes t ina l mucosa  
which a re thought  to be e ithe r a d irec t e ffec t o f ant i- nutr it iona l fac to rs on the  
gut  ep ithe l ium and /o r the  resu lt  o f d ie t- induced  changes in the  mic rob io ta  
struc ture and  func tion (Bakke-McKellep , et  al . 2000 ; K rogdahl,  et  a l. 2003;  
Sanden,  et  a l.  2005 ; Bakke-McK ellep,  et  a l.  2007 ).  Given the inte rac t ion 
be tween hos t, mic rob io ta and  d ie t, unders ta nd ing these re la t ionsh ips  is cr it ica l 
to deve lopment and eva lua t ion o f nove l d ie ts and maximiz ing f ish hea lth and  
welfa re . 
His to r ica lly,  our  unders tand ing o f the  composit ion o f the intes t ina l  
mic rob io ta was l imited by re liance on culture -based methods wher e only those  
organisms that  cou ld be read ily cult iva ted in the labo ra to ry cou ld be identif ied.   
More  recently,  culture- independent ,  mo lecu la r me thods  have  been app lied  to  the  
study o f intes t ina l mic rob io logy, complementing culture -based stud ies and  
result ing in an inc reased apprec ia t ion o f the complexit y o f the community.  The  
predominant  mo lecula r me thods emp loyed in s tudying f ish intes t ina l mic rob io ta  
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have been f ingerp r int- s tyle me thods, pa r t icula r ly dena tur ing grad ient  ge l 
e lec tropho res is  (DGGE) on mic ro b ia l commun ity samp les  o r  res tr ic t ion 
fragment length po lymorphism (RF LP ) ana lys is fo r identif ica t ion o f iso la te s.   
Although DN A sequenc ing has been wide ly emp loyed in the  identif icat ion o f 
cultured bacter ia l iso la tes from the intes t ina l env ironment, ve ry few sequence-
based  s tud ies o f the  ent ire intes t ina l mic rob io ta have been conduc ted  and  this  
work  has  been done  a lmost  exc lus ive ly based  on sequenc ing o f c loned 16S  
rRNA genes (Holben, et  al. 2002; Kim, et  al. 2007). 
One par t icula r ly important outcome  o f work to da te  has been the  
descr ip t ion o f va r ia t ion in mic rob ia l composit ion and  popula t ion dens ity  
be tween fish spec ies and among ind iv idua ls  o f the  same spec ies, as we ll as  
var ia t ion assoc ia ted  with environmenta l fac to rs  such as management sty le,  
tempera ture and sa l in ity ( reviewed  in (C ahil l. 1990 ) and (Ringo, et  a l. 1995) ).   
This  is cons is tent  with s tud ies o f othe r animal spec ies where the mic rob io ta is  
observed  to  change  in s truc ture  with deve lopment and environmenta l changes.   
These observa t ions emphas ize  the necess ity o f having a  tho rough unders tand ing  
o f the  pa rt icu la r  exper imenta l sys tem in wh ich nutr it ion and  growth s tud ies take  
p lace , inc lud ing quantify ing normal va r ia t ion in mic rob io ta with in the sys tem 
(within and  between anima ls ),  mak ing it  poss ib le  to  recognize  b io log ica l ly  
s ign if icant  devia t ions .   C urrently emp loyed mo lecula r  me thods  have been o f 
l imited  use  s inc e  most do  not  p rov ide  suff ic ient  deta il o r  re so lut ion to  
adequate ly describe diffe rences or recognize shifts in microb io ta composit ion.  
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The cpn 60  gene  (encod ing the unive rsa l 60 kDa chaperonin)  has  been 
es tab lished  as a  ta rge t  fo r sequence-based mic rob ia l eco logy s tud ies  and  has  
been demonstra ted to be genera lly more info rmative than 16S rRN A, p rov id ing  
be tter  d isc r imina tion be tween c lo se ly re la ted  o rganisms (Hil l,  et  a l. 2004) .  A 
552-567 bp  region o f cpn60 , co rrespond ing to  nuc leo tides  274-828 o f the  E.  co li  
cpn60 gene, can be amp lif ied with unive rsa l, degenera te PC R pr imers  (Hil l, et  
al.  2006 ).   To da te , cpn 60 sequence-based  methods have been app lied to  the  
study o f intes t ina l and  urogenita l mic rob io ta  o f a va r ie ty o f te r res tr ia l animals ,  
inc lud ing humans  (Hil l,  et  a l.  2005a ;  Hil l,  et  a l.  2005b ; Dumonceaux ,  et  a l.  
2006a ; Lukwinsk i,  et  a l . 2006 ; Desa i,  et  a l.  2009 ). The d isc r imina ting power o f 
the cpn60 unive rsa l targe t sequence  a lso makes it an idea l targe t fo r the  
deve lopme nt o f spec ies-spec ific  PC R assays fo r the de tec t ion and quantif ica t ion 
of bacteria in complex samples (Dumonceaux, et  al. 2006c). 
The  cha llenges  in cha rac te r iza t ion o f the  intes t ina l mic rob io ta a lso  app ly  
to inves t iga t ions  o f host re sponse, where na tura l va r ia t ion in marker gene  
exp ress ion must  be  unders tood be fo re  conc lus ions  can be drawn regard ing the  
e ffects  o f exper imenta l changes  in d ie t  o r environment.   Var ia t ion in hos t  gene  
exp ress ion,  even fo r so-ca lled  housekeep ing genes,  is  wide ly exper ienced  but  
ra re ly repo r ted  (Juul-Madsen, et  al . 1992 ; Na th , et  al . 2006 ). As a re sult , it  is  
necessa ry to examine a number o f gene markers assoc ia ted with an y pa r t icula r  
phys io logica l pa thway and /or sys tematica lly identify the markers tha t are most  
info rmative . 
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The  P ra ir ie  Aquaculture  Research Centre in S aska toon,  Canada  is  a  
b io log ica lly f i lte red, rec ircula t ing,  freshwate r system us ing a de -chlo r ina ted  
mun ic ipa l wa te r  supp ly and hous ing ra inbow trout.   The ob jec t ive  o f our  study 
was  to take  advantage  o f an ongo ing d iges t ib il ity t r ia l to  cha racter ize  the  
intes t ina l contents mic rob io ta o f ra inbow trout on three d if fe rent d ie ts and to  
measure hos t  in fla mmato ry marker gene exp ress ion in the intes t ines  o f f ish in  
this resea rch fac i lity.   In add it ion, we app lied spec ies - spec if ic quantita t ive PC R 
to intes t ina l contents samp les from ind iv idua l fish in o rde r to  inves t iga te the  
leve l o f animal to animal va r ia t ion with in  and be tween d ie t groups.  The results  
o f this  s tudy add to  our  unders tand ing o f the intes t ina l mic rob io ta  o f ra inbow 
trout and fur the r descr ibe the extent o f ind iv idua l to ind iv idua l var ia t ion in fish  
that shou ld be an important cons idera t ion in exper imen ta l des ign.  These re sults  
fo rm the foundation fo r  future t r ia ls  and  exper iments  a imed a t unders tand ing the  
interac t ions between host, microb io ta and diet.  
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3.3 Material and Methods  
3.3.1 Ingredients and diets 
The re ference  d ie t and two  exper imenta l d ie ts,  which conta ined  e ithe r  fish  
mea l o r soybean mea l at an inc lus ion leve l o f 30% a re desc r ibed  in Tab le 3 .1.   
The re fe rence d ie t was  formu la ted based  on the semi-pur if ied re fe rence d ie t  
repor ted by (C ho, et  a l.  1985 ) and mod if ied by the add it ion o f Ce lite  545 high-
pur ity flux-ca lc ined d ia tomaceous  ea rth (C e lite  Co .,  World  Minera ls  C o.,  
Lompoc , C A, US A) pa r t ia lly in p lace o f a lpha  ce llulo se,  a  non- nutr it ive  f il le r  
(N RC, 1993 ) (N RC (Na tiona l Resea rch Counc il) . 1993 ) , a s a non–abso rbab le  
ind ica to r  for  ind irec t d iges t ib il ity ana lys is .   Exper imenta l d ie ts  were  made  by 
combin ing the  re fe rence  mash with e ithe r  tes t  ingred ient  at  a  mass  ra t io o f 7 :3.   
Die ts  were co ld  pe lle ted  through a  3 mm d ie  on a Hobar t  mixer (Hobar t C orp.,  
Troy, O H, US A), d r ied in a fo rced a ir oven fo r 12 h a t 55 ºC , then chopped and  
screened to form pelle ts of unifo rm size.  
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Table  3.1  Ingredie nt composition and nutrient analys is  of die ts  (g kg-1). 
 
Ingred ien t  Purified  




 400 280 280 
Fis h  meal
b
 0 300 0 
Soybean  meal
c
 0 0 300 
Fis h  o il
d
 150 105 105 
Starch
e
 115 80.5 80.5 
Dextrin
f
 90 63 63 
Mineral p remix
g
 80 56 56 
D-g lucos e
h
 50 35 35 
Gelat in
i
 40 28 28 
Vitamin  premix
j
 29.5 20.65 20.65 
A lpha-cellu los e
k
 20 14 14 
Diatomaceous  earth
l
 10 7 7 
L-arg in in e
m
 10 7 7 
DL-meth ion in e
n
 5 3.5 3.5 
Vitamin  C
o
 0.5 0.35 0.35 
    
Dietarycompon ent  (g /kg)
p
    
Crude Pro tein  483 564 512 
Gros s  Energy  (kcal/kg) 5470 5470 5400 
As h  32 63 31 
Acid  Ether Extract  160 156 133 
Starch  115 81 81 
Neutral Detergen t  Fibre  20 07 60 
Acid  Detergen t  Fibre  20 07 92 
a
 Cas ein  from bovine milk , techn ical g rade;  Sigma -A ldr ich  Inc., St . Louis , MO, USA.  
b
 Nova Sco t ia herring  meal;  Shur-Ga in  Aquacu ltu re, Truro , NS, Canada.  
c  
Soybean  meal;  Federated  Cooperat ives  Limited , Sas katoon , SK, Canada.  
d
 Danis h  Fis h  Oil;  FF of Denmark, Skagen , Denmark .  
e  
Starch -Corn ;  USB Corporat ion , Cleveland , OH, USA.  
f
 Dextrin ;  USB Corporat ion , Cleveland , OH, USA.  
g
 M in er a l  p r e mix,  co m me rc ia l  ( EW OS  F I S H M I NERA L P X# 2,  Su r rey ,  BC;  c los ed  
fo r mu lat ion) ,  fo r mu lated  to  meet  the  requ ire ments  o f  juven i le  ra inbo w t rou t ;  BA S F  Canad a,  
Abbots ford , BC, Canada.  
h
 Dextros e, anhydrous ;  Sigma -A ldr ich  Canada, Ltd ., Oakvil le , ON, Canada.  
i
 175 Bloom gelat in ;  Dawn Food  Products  (Canada), Ltd . Sas katoon , SK, Canada.  
j
 Vita min  p re mi x,  co m me rc ia l  ( EW OS FI S H - ST R VI T P X,  Su r rey , BC;  c los ed  fo r mu lat ion ),  
fo r mu lated  to  mee t  the  requ ire ments  o f  juven i le ra inb o w t rou t ;  BAS F  Can ada , Su r rey , BC,  
Canada.  
k
 So lka-flo c® , 200 FCC;  In ternat ional fiber corporat ion , North  Tonawanda, NY, USA.  
l
 Celite® 545, <125m; Celite Corporat ion , W orld  Minerals  Co ., Lompoc, CA, USA.  
m
 L-arg in ine monohydroch loride , no t  s yn thet ic;  Sigma -A ld r ich , St . Louis , MO, USA.  
n
 DL-meth ion ine , feed  g rade. Degus s a Corporat ion , Theodore, AL, USA.  
o
 As corb ic acid , pharmaceu t ica l g rade;  NOW  Foods , Bloomingda le, IL, USA.  
p
 A l l d ieta ry  co mponents  we re an a ly zed  as  des cr ib ed  in  the  mate r ia ls  and  methods  e xc ep t  fo r  
s tarch  and  ac id  and  n eu t r a l det erg en t  f ib re fo r th e pu r i f ied  and  f is h  mea l d ie ts  wh ich  we re  
calcu lated . 
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3.3.2 Fish husbandry and digest ibil ity trial design  
The  tr ia l was  conduc ted  a t the  Pra ir ie  Aquaculture  Research Centre  
(Unive rs ity o f S aska tchewan, S aska toon, SK), a b io logica l ly f ilte red,  
rec ircu la t ing aquaculture sys tem.  The f ish were  tr ip lo id  female  ra inbow trout  
(Oncorhynchus m yk iss ),  acquired  from Wild West S tee lhead  (Lucky Lake,  SK) 
we igh ing 1 .56 kg ± 0 .09 kg a t the s ta r t o f the exper iment .   They were housed in  
120 L tanks with a water  temperature o f 15 ±  1 °C and  a pho toper iod  o f 14 h 
l ight :10  h da rk.   Environmenta l and wa te r qua lity ind ica tors were  c lo se ly  
monito red over the course  o f the  exper iment .  The  guide l ines se t  by the  
Canad ian C ounc il on Animal Care   (CC AC, 2005)  were fo l lowed in the  
maintenance of all fish for the duration of this trial.  
All f ish were hand- fed twice da i ly to  apparent  sa t ia t ion.   A commerc ia l  
fish mea l d ie t  was  fed  fo r two weeks  p r ior  to the  exper iment  to  acc l ima te  the  
fish to the ir environment.   Upon commencement o f the tr ia l,  nine  120 L tanks  
were  used , with three rep lica tes per  trea tment  and ten  fish pe r tank (691.2 g 
ave rage we ight) .  The re fe rence, f ish mea l a nd soybean mea l d ie ts were  
randomly assigned to the tanks and fed for an eight week period.  
Fo llowing the feed ing pe r iod , three f ish were taken from each tank (a  
to ta l o f nine  fish per d ie t co l lected 2 -5 hours a fte r the la st feed ing) and  
euthanized by a s harp b low to the c ranium p r io r to d issec t ion.  S ub- sampling  
was conduc ted with the a im o f co llec t ing average -s ized animals  from each tank,  
avoid ing extremes in body size.  
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3.3.3 Digest ibi lit y analysis 
Fo llowing s ix days  o f acc l ima tion to the exper imenta l d ie ts , feca l ma ter ia l  
was co llec ted da i ly over a three- week per iod us ing a se t t l ing co lumn(Hajen, et  
al.  1993 ).  F eces were centr ifuged  a t 5000 x g fo r 15 min, frozen, and  freeze -
dr ied.   The  freeze-d r ied  feces were gr ound  to pass  through a  1  mm sc reen 
(Re tsch mil l,  Br ink mann Corp .,  Newtown,  P A).   Ana lys is  o f the  d ie ts and  feca l 
ma te r ia l inc luded  mo is ture  (AO AC,  1990,  me thod no. 934 .01 ),  ene rgy (oxygen 
bomb ca lo r ime try; Pa rr  Ad iaba tic  Ca lo r ime te r,  Mode l 1200) , crude pro te in,  d ry 
ma tte r (100- mo is ture ), ac id e the r extrac t (AO AC, 1995 , me thod no. 954 .02 ) ,  
ac id de te rgent f ib re (AO AC 973.18 ), neutra l de tergent f ib re  (AO AC 2002.04)  
and ac id  inso lub le  a sh (Vogtmann , et  a l.  1975 ).  The combustion method (AOAC , 
1995 )  was  used to  de te rmine  nitrogen content,  wh ich was then mu lt ip l ied  by 
6.25  in o rder  to  es t ima te  p ro te in.  Apparent  d iges t ib i lit y coe ff ic ients  (ADC ) for  
fish mea l and soybean mea l were ca lcula ted us ing the equa tions desc r ibed by  
(Forster. 1999). 
For the de te rmina tion o f ac id  inso lub le  a sh (AIA) content , samp les were  
cha rred a t 250 ºC fo r 18 h, then gradua lly hea ted to 500 ºC over a pe r iod o f 3 h 
and  he ld a t tha t tempera ture  to  a sh fo r 48  h.   Fo ur  ml o f 4N  HC l was  added to  
the a shed samp les , which were then hea ted fo r a min imum o f one  hour  a t 120  ºC,  
then centr ifuged a t 3000   g fo r 10 min.  The superna tant was asp ira ted and 5  
ml o f wa te r was  added  to  r inse  the  pe lle t .  The samp le  was vo rtexed,  c entr ifuged , 
asp ira ted,  and then r insed a  second  t ime .  The remaining pe l le ts were d r ied a t  80  
ºC for 14 h and then ashed at 500 ºC for 24 h.  
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3.3.4 Intest inal contents and t issue collect ion  
Intes t ine s were subd iv ided into two sec t ions : mid  gut and d is ta l gut .  Mid  
gut was de f ined as the sect ion from the la st pylo r ic cecum to the beginn ing o f 
the d is ta l gut (visua l inc rease in d iamete r o r 50% o f the d is tance from last  
pylor ic  ceca to the  vent) .  Dis ta l gut  was de fined as the sec t ion from the end o f 
the mid gut  to the vent .  Diges ta samp les were co l lected asep tica l ly from each 
intes t ina l sec t ion by squeezing the contents out  o f the sect ion into ind ividua l  
ster i le  conta ine rs and stored on ice p r io r to transfer into s to rage a t -80 °C.   
Remain ing t is sues  were  snap- frozen in l iquid  nitrogen and  s to red a t -80 °C  p r ior  
to RNA extract ion.  
3.3.5 Nucleic acid ex tract ion 
Tota l RNA was  extracted from 30-50 mg o f ground intes t ina l t is sue us ing  
TRI Rea gent  S o lut ion (App lied  Biosys tems / Ambion,  Inc .,  Aus t in,  TX).   
Extrac ted RN A was sub jec ted to an RNase- free DNase d iges t ion us ing TURBO  
DN A- free (App lied Biosys tems / Ambion, Inc., Aus t in,  TX).  The DNA- free  
RN A extrac ts were s to red a t -80 °C.  The RN A content o f the extrac ted samp les  
was assessed  us ing a  Q uant- iT RiboGreen k it  ( Invitrogen Canada Inc.,  
Burl ington,  ON).   Se lec ted samp les  were  a lso  tes ted  us ing an Agilent  2100  
Bioana lyze r (Ag ilent  Techno logies, Inc., S anta C la ra, C A) in orde r to ve r ify the  
RN A extracts  were  o f a  high qua lity.   O ne  μ g o f RN A was then used  to gene ra te  
firs t  st rand  cDN A us ing a  High Capac ity cDNA Reverse  Transc r ip t ion K it  
(Applied Biosystems, Inc., Foster City, CA).  
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Tota l genomic DN A was extrac ted from d is ta l gut  contents o f ind ividua l  
fish us ing the  QIAamp DN A S too l Min i K it  (Q iagen Inc.,  Miss issauga,  ON).   
Equa l vo lumes  o f ind iv idua l DN A extracts  were  poo led  to  c reate three  poo led  
samples for PCR and cpn60 libra ry construct ion. 
3.3.6 cpn60 clone libraries 
Lib ra r ie s o f c loned cpn60 unive rsa l ta rge t reg ions were  cons truc ted in  
c loning vec tor pGEM T Easy (P romega Co ., Mad ison, WI, US A) as descr ibed  
prev ious ly(Desa i, et  a l.  2009 ).   Lib ra r ie s were generated  from poo led intes t ina l  
contents o f nine f ish fo r each o f the three d ie ts : re fe rence contro l (CN ), fish  
mea l (FM) and  soybean mea l (S BM).   A tota l o f 1,248 co lonies  were  p icked  
randomly from each of the three libra r ie s.  
C lones  were  sequenced  us ing the T7 sequenc ing p r imer  a t  the N a tiona l  
Resea rch C ounc il P lant Bio techno logy Ins t itute (S aska toon, SK )  and raw 
sequence da ta was p rocessed as p revious ly descr ibed  (Desa i, et  a l. 2009 ).   
Representa t ives o f a ll unique cpn60 sequences were depos ited in GenBank  
(Access ions  GU726297- GU726329,  GU903291)  and the cpn60  re fe rence  
da tabase (cpnDB,  ht tp :/ /www.cpndb .ca)  (Hil l,  et  a l.  2004 ).   N eares t ne ighbo rs  
o f l ib ra ry sequences were  identif ied  through a F AS TA sea rch o f the cpnDB 
re fe rence da ta  co llec t ion (P ea rson,  et  al .  1988 ).  P hylogene tic  t rees  were  




3.3.7 Quantitat ive real-t ime PCR 
PCR pr imers used in quantita t ive P C R (qPC R) assays a re l is ted in Tab le  
3.2.  Pr imers were des igned us ing Beacon Des igner 4.0 (P REMIER Bioso ft  
Inte rnat iona l,  Pa lo  Alto, C A, US A).  Pr imers fo r the  amp lifica t ion o f O.  myk iss  
genes  were  based on pub lished sequences fo r  be ta-ac t in ( -ac t,  Access ion 
AF157514),  immunoglobulin M ( IgM,  X83372),  inte r leuk in-1  be ta ( IL-1 , 
AJ004821),  and  p ro life rat ing ce l l nuc lea r ant igen (PCN A,  C A359986) . β-ac t was  
inc luded as an inte rna l contro l fo r no rmaliza t ion o f gene exp ress ion da ta.  F or  
construc t ion o f p lasmid  s tandard curves, PC R p roduc t from each p r imer se t was  
l iga ted  into  c loning vec to r pGEM T Easy (P romega  Co. , Mad ison,  WI)  and  
sequenced to  conf irm the  identity o f the  inse rt .  F or  detec t ion o f bac te r ia l cpn60  
sequences,  p r imer des ign was  based on c loned sequences  from the d is ta l gut  
cpn60 c lone l ib ra r ie s.  Fo r a l l qP C R p r imer pa irs , op t ima l  annea ling  
tempera tures were de te rmined by examin ing the  re sults  o f an annea ling  
tempera ture  grad ient.   Pr imer  spec if ic ity was  eva lua ted  by comparison o f p r imer  
sequences to the Genbank  sequence da tabase  o r cpnDB us ing BLAS Tn 
configured for short, nearly exact matches (Altschul , et  al. 1990). 
For  conventiona l PC R o f O.  myk iss  gene  targe ts, reac t ion mixt ures  
conta ined  1  PC R buffe r , 1.5  mM MgC l2 ,  200 nM dN TP s, 500  nM o f each 
pr imer, 0 .2 μ l o f Taq po lymerase , temp la te  cDN A iso la ted from intes t ina l  
samp les  in a  fina l vo lume  o f 50  μ l.  PC R reac t ions were  pe rfo rmed  on an iC yc le r  
thermal cyc le r (Bio rad Labo ra tor ie s, Miss issauga , ON).  C yc ling paramete rs  
were  95 °C fo r 5 min,  fo llowed  by 30 cyc les  o f 1 .5 min cons is t ing o f 30 s at  
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95 °C, 30 s a t 52 -  60 °C , and 30 s a t 72 °C.  Fo r qPC R, reac t ion mixtures  
conta ined P la t inum S YBR Gree n qPC R S uperMix- UDG (Invitrogen C anada Inc.,  
Burl ington,  ON), 500  nM o f each p r imer,  2  μ l o f temp la te  cDN A iso la ted  from 
intes t ina l samp les  in a fina l vo lume  o f 25 μ l.  C yc ling paramete rs were : 52  °C  
fo r 2 min, fo l lowed by 95 °C fo r 3 min, fo l lowed by 40 cyc les o f 40 s a t 95 °C,  
40 s a t the annea ling temperature, and 40 s a t 72 °C, fo llowed  by a d issoc ia t ion 
curve  stepp ing from 65 °C  to  95  °C  in 0.5 °C  inc rements .  Q uantif ica t ion was  
accomplished  through the  use  o f a s tandard  curve  der ived  from a  ten- fo ld  
dilut ion series of plasmid DNA contain ing the appropria te target sequence .  
For  qPC R de tect ion o f bac te r ia l cpn60 sequences  react ion mixt ures  
conta ined  1  S YBR Green S upermix (Bio rad  Labo ra to r ie s,  Miss issauga,  ON),  
400  nM o f each p r imer,  2 μ l o f temp la te  DNA extrac t  in a f ina l vo lume  o f 25 μ l.  
Cycling pa rameters were : 95  °C  for  3 min,  fo llowed  by 40  cyc les o f 10 s at  
95 °C, 30 s  a t 64 °C, and 30 s a t 72 °C, fo l lowed by a d issoc ia t ion curve  
stepp ing from 65 °C  to  95  °C  in 0.5  °C  inc rements .  Reac tions  were  run in  
dup lica te on a Bio rad MyiQ thermocyc ler  (Bio rad Labo ra to r ie s, Miss issauga,  
ON).   Determina tion o f targe t  copy number was  based  on a  s tandard  curve  
generated from a tenfo ld dilut ion series of the target sequence clone. 
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Table 3 .2   qPCR assays for intestinal gene expression analysis and 
quantification of bacteria. 
 
T arget  P r im er  sequen ces (5 ′  -  3 ′ )  
Se q uen ce 
f r equen cy  
(CN:FM:SB)  
An n ealin g 
t em p  ( °C)  
Am p lico n  
size  (bp )  
     
O.  m y k iss β - act  GCGACCT CACAGACT ACC   5 2  2 7 3  
 ACAGT CCCAT T GCT CCAGT CC     
     
O.  m y k iss IgM  CACT T CAT CAGAT GGT CCAGT CC   5 3  2 4 3  
 ACAGT CCCAT T GCT CCAGT CC     
     
O.  m y k iss IL -1 β  T GCT GT GGAAGAACAT AT AGT G  6 0  2 1 2  
 ACGAAGACAGGT T CAAAT GC     
     
O.  m y k iss P CNA  T GT GACCGCAACCT CGCAAT GG  6 0  2 6 5  
 CACGGCAGAT ACGGGCAAACT CC     
     
     
Ca rn o b a cteriu m  m a lta ro m a ticu m  GCAAT T T GACCGT GGT T ACC  1 0 3 2 :5 3 7 :1 1 4 8  6 4  1 6 7  
 T T AAT AATGGACCT T GT TGG 
 
   
En tero co ccu s fea ca lis  AAT T AGAT GT GGT T GAAGGAAT GC  0 :1 7 :0  6 4  1 8 6  
 AT AGT GGACGGCT T T GT T GT AG    
     
Ha fn ia  a lva e  T ACT GGCT CAGGCT AT CG 0 :3 6 5 :0  6 4  1 9 2  
 CGGT T T CGT CGGAGT T AG    
     
Leu co n o sto c citreu m  GAT CGAGGT T ACAT GT CACAGT AC  0 :2 3 :0  6 4  1 3 9  
 CAACAACAGCT T GT AACACAGG    





3.3.8 Stat ist ical analysis 
Analys is  o f d iges t ib i l ity and gene exp ress ion resu lts was pe rformed us ing  
the Genera l Linea r Mode l p rocedure o f SPS S 14.0  (S PSS Inc. , C hicago, IL,  
US A). Diffe rences be tween means were de te rmined us ing the Ryan- Eino t-
Gabrie l-Welsh F  te st  fo r d igest ib il ity da ta  and  Tukey’s  HS D tes t  for  gene  
exp ress ion da ta.  S ign if icance o f re sults  were de te rmined when P  <  0.05,  non-
s ign if icant  trends  were  de te rmined when 0 . 10  < P  > 0.05.  Two- ta i led  Pea rson 
corre la t ion coe ff ic ients  were  ca lcu la ted be tween d ie ts , inte s t ina l gene  
exp ress ion and intes t ina l bac te r ia l popula t ions.  Co rre la t ions  were  cons ide red  





3.4.1 Digest ibi lit y 
The fish mea l d ie t had s ign if icantly (P  <  0.05 ) higher  d ry matte r and  
gross  ene rgy ADC s than the re fe rence and soybean mea l d ie ts.  Dry matter  ADCs 
were  0.82 fo r the f ish mea l d ie t and 0 .77 fo r bo th re fe rence and soybean mea l 
d iets. Gross ene rgy ADC s were 0.88 for t he fish mea l d ie t, 0 .82 fo r the soybean 
mea l d ie t  and  0.81  for  the  re fe rence  d ie t . C rude  p ro te in ADCs were  not  
s ign if icantly d if fe rent be tween the three trea tments. The d ry matte r and gross  
ene rgy ADC s fo r fish mea l were  0.95 and 1.07, re spec t ive ly,  which were  
s ign if icantly h igher than the  d ry matte r (0 .07 )  and gross energy (0 .83 )  ADCs  for  
soybean mea l (Tab le 3.3 ).  The  ADC o f energy fo r the fishmea l was over  1.00.  
This  might  have been due to var iab il ity in the measurement o f energy in the  
d iets  and faeces . Us ing these va lues  in the  fo rmula  fo r  ca lcula t ing the  ene rgy 




Table  3 .3 Appare nt digest ibil i ty coe ff ic ie nts  for expe rime ntal  die ts  and 
ingredie nts  in rainbow trout (dry matter bas is ) . 
 
 Dry matter Crude protein Gross energy Ash 
Diets     
Reference 0.77a 0.92 0.81a 0.47b 
Fish meal 0.82b 0.95 0.88b 0.33a 
Soybean meal 0.77a 0.93 0.82a 0.33a 
SEM 0.000 0.018 0.000 0.026 
     
Ingred ients     
Fish meal 0.94b 0.98 1.07b 0.27 
Soybean meal 0.79a 0.95 0.83a 0.44 
SEM 0.037 0.063 0.045 0.048 
ab Means  w ithin die ts and ingredients in the sa me column w ith differe nt s uperscr ipts  





3.4.2 cpn60 clone libraries 
Three cpn60 unive rsa l ta rget c lone lib ra r ie s were construc ted from d is ta l  
gut  contents from each feed group, re sult ing in 1176, 1000 and 1181  high  
qua lity, comple te unive rsa l ta rget  sequences from the CN , F M and S BM 
lib ra r ies respec t ive ly.  When a l l the assemb led sequences from the three  
l ib ra r ies  were combined , a n overa l l to ta l o f 32 d if fe rent  sequences were  
observed , occurr ing a t frequenc ies ranging from 0 -1148 in the three lib rar ie s.   
Unique sequences  identif ied  a long with the ir  nea rest  ne ighbour in the cpnDB 
re fe rence da tabase  and the ir  observed frequenc ies in the three  lib rar ie s  a re  show 
in Tab le 3 .4.  The most frequently obse rved sequences overa ll were 97 -99% 
identica l to C arnobacter ium m alta rom aticum  ATCC  27865T  (p revious ly known 
as  C.  p isc icola (Mora  e t  a l. , 2003) )  and  accounted  fo r  88%,  55% and  97% o f the  
c lones  in the  CN,  F M and  S BM lib ra r ie s re spec t ive ly.   C.  ma ltaromat icum - l ike  
sequences were  the only sequences common to a l l three lib rar ie s.   Sequences  
with s imila r ity to  the  gamma c lass  o f P ro teobac te r ia  were  a lso  re la t ive ly  
abundant , compris ing 10%, 41% and 3% o f the  CN, F M and S BM lib rar ie s.   
Sequences with in this  group were most s imila r to ente robac ter ia l genera such as  
Pseudomonas, C itrobact er , Hafn ia, and Serratia .  Aeromonas- l ike sequences  
were  a lso  de tec ted  in the  CN and  F M lib rar ie s.   The CN  l ib ra ry conta ined  1 7  
d iffe rent  sequences,  compared  to  14  in F M and  only 4 in S B. The  F M lib ra ry 
conta ined  the mo st  ba lanced  ra t io  o f Gamma Pro teobacter ia  and F irmicutes  (41% 
and  59% o f c lones)  while  the othe r  two l ib ra r ie s  were  more  skewed  toward  the  
F irmicutes (88% and  97% o f c lones  in the CN  and  S BM lib ra r ies  re spec t ive ly) .   
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The phylogene tic re la t ionship s  o f ra inb ow trout inte s t ina l mic rob io ta  cpn60  





F igure 3 .1 P hy logene tic tree  based on the 32 un ique sequences de tected in the  
CN, FM and S B lib rar ie s and re la ted re fe rence s tra in sequences.  Access ion 
numbers  for the re fe rence s tra ins  a re  a s fo llows: Chlam ydoph ila p s it tac i 6BC  
ATCC VR-1 (AY581777) , Leuconostoc cit reum   KM20 (DQ 489736),  
Eneterococcus faeca lis  ATCC  49332  (DQ 074968),  Carnobacter ium  
malta romat icum  ATCC 27865 (GU911354), Blastop ire l lu la mar ina  
(N Z_AAN Z01000045) , Bif idobact er ium  ado lescentis  JC M1275 (AF 210319),  
Rhodobacter  sphaero ides  ATCC  17029  (NC_009049),  S ilic ibacter  pomeroyi  
DSS-3 (NC_003911), Dinoroseobacter shibae  DF L 12 (CP 000830),  
0.1
Chlamydophila psittaci 6BC ATCC VR-1
CN_0_1
FM_4_1
Leuconostoc citreum  KM20
FM_0_80
Eneterococcus faecalis ATCC 49332
FM_6_1
Carnobacterium maltaromaticum ATCC 27865 
CN_0_29
FM_1_2





Rhodobacter sphaeroides ATCC 17029
Silicibacter pomeroyi DSS-3









Legionella pneumophila str. Philadelphia 1
FM_0_19
Aeromonas popoffi ATCC BAA-243
CN_6_1
CN_6_2
Aeromonas bestiarum ATCC 51108
FM_0_10
Aeromonas salmonicida subsp. achromogenes LMG 14900 
Aeromonas sobria ATCC 43979
CN_0_19
FM_5_1














Serratia proteamaculans  strain 568
CN_0_39
FM_0_16






Porphyrobacter sphaero ides  ATCC 25659 (EU790571), Magnetosp ir il lum  
gryph isw ald  MS R-1  (BX640510),  Legionella  pneum oph ila  s t r. P hilade lphia  1  
(NC_002942), Aerom onas popoff i ATCC BAA-243 (EU306814), A eromonas  
best ia rum  ATCC  51108 (EU306796) , A eromonas sa lmon ic ida  subsp.  
achromogenes (EU306829), A eromonas sobr ia  ATCC 43979 (EU306834),  
Pseudomonas put ida  ATCC 17484 (EF685203), Shewane lla put r ifac iens  
(AE014299) , P lesiomonas sh ige lloides  P-1 (AF230960), Morgane lla morgan ii  
A7 -39 (AY245876),  Hafn ia alvae A1-49 (GU911356), Serrat ia proteam acu lans   




Table  3.4 Unique  cpn60 sequences  de tected in CN, FM and SB libraries . 
    Num ber (p ercen t )  o f  c lo n es  
Seq ID Fam ily  Nearest  n eigh bo r  % 
Iden t it y  
CN FM SBM T o t al  
cn _ 8 _ 1  Act in o bact er ia  Bifid o b a cteriu m  
a d o lescen tis 
9 9 .5  1 (0 .1 )  0 (0 )  0 (0 )  1 (<0 .1 )  
        
cn _ 5 _ 1  Alp h a 
P ro t eo bact er ia  
Din o ro seo b a cter sh ib a e  8 7 .7  5 (0 .4 )  0 (0 )  0 (0 )  6 (0 .1 8 )  
fm _ 0 _ 45  Ma g n eto sp irillu m  
g ryp h iswa ld  
7 9 .0  1 (0 .9 )  0 (0 )  0 (0 )  1 (<0 .1 )  
cn _ 0 _ 2 2   Po rp h yro b a cter 
sa n g u in eu s 
7 7 .8  1 0 (0 .9 )  0 (0 )  0 (0 )  1 (<0 .1 )  
cn _ 0 _ 2 4   Rh o d o b a cter sp h a ero id es  8 5 .7  4 (0 .3 )  0 (0 )  0 (0 )  1 0 (0 .3 )  
cn _ 7 _ 1   S ilic ib a cter p o m ero yi  8 4 .0  1 (0 .1 )  0 (0 )  0 (0 )  4 (0 .1 2 )  
        
fm _ 1 _ 2  Firm icut es Ca rn o b a cteriu m  
m a lta ro m a ticu m  
9 9 .0  0 (0 )  1 3 (1 .3 )  0 (0 )  1 3 (0 .4 )  
cn _ 0 _ 2 9   Ca rn o b a cteriu m  
m a lta ro m a ticu m  
9 7 .3  1 0 3 2 (8 7 .8) 5 3 7 (5 3 .7 )  1 1 4 8 (9 7 .2) 2 7 1 7 (8 0 .9) 
fm _ 6 _ 1   En tero co ccu s fa eca lis  9 9 .6  0 (0 )  1 7 (1 .7 )  0 (0 )  1 7 (0 .5 )  
fm _ 0 _ 80  En tero co ccu s fa eca lis  9 9 .3  0 (0 )  1 (0 .1 )  0 (0 )  1 (<0 .1 )  
fm _ 4 _ 1   Leu co n o sto c citreu m  9 9 .8  0 (0 )  2 3 (2 .3 )  0 (0 )  2 3 (0 .7 )  
        
cn _ 6 _ 2  Gam m a 
P ro t eo bact er ia  
Aero m o n a s b estia ru m  9 6 .2  2 (0 .2 )  0 (0 )  0 (0 )  2 (0 .1 )  
cn _ 6 _ 1   Aero m o n a s p o p o ffi  9 9 .0  2 (0 .2 )  0 (0 )  0 (0 )  2 (0 .1 )  
fm _ 0 _ 10  Aero m o n a s sa lm o n icid a  9 8 .4  0 (0 )  1 2 (1 .2 )  0 (0 )  1 2 (0 .4 )  
fm _ 0 _ 19  Aero m o n a s sa lm o n icid a  9 0 .0  0 (0 )  1 (0 .1 )  0 (0 )  1 (<0 .1 )  
cn _ 0 _ 1 9   Aero m o n a s so b ria  9 6 .9  1 7 (1 .5 )  0 (0 )  0 (0 )  1 7 (0 .5 )  
fm _ 0 _ 16  Citro b a cter freu n d ii  9 9 .8  0 (0 )  4 (0 .4 )  0 (0 )  4 (0 .1 )  
fm _ 2 _ 1   Ha fn ia  a lva e  9 8 .9  0 (0 )  3 6 5 (3 6 .5 )  0 (0 )  3 6 5 (1 0 .9 )  
fm _ 0 _ 51  Ha fn ia  a lva e  9 8 .4  0 (0 )  1 (0 .1 )  0 (0 )  1 (<0 .1 )  
fm _ 0 _ 21  Leg io n ella  p n eu m o p h ila  8 1 .0  0 (0 )  1 (0 .1 )  0 (0 )  1 (<0 .1 )  
sb_ 0 _ 9   Mo rg a n ella  m o rg a n ii  9 1 .7  0 (0 )  0 (0 )  1 (0 .1 )  1 (<0 .1 )  
sb_ 0 _ 1   Mo rg a n ella  m o rg a n ii  9 1 .7  0 (0 )  0 (0 )  2 7 (2 .3 )  2 7 (0 .8 )  
cn _ 0 _ 2   Plesio m o n a s sh ig ello id es  9 9 .8  1 (0 .1 )  0 (0 )  0 (0 )  1 (<0 .1 )  
fm _ 5 _ 1   Pseu d o m o n a s p u tid a  9 3 .0  0 (0 )  2 1 (2 .1 )  0 (0 )  2 1 (0 .6 )  
cn _ 2 _ 1   S erra tia  p ro tea m a cu la n s  9 6 .9  6 1 (5 .2 )  3 (0 .3 )  0 (0 )  6 4 (1 .9 )  
cn _ 2 _ 2   S erra tia  p ro tea m a cu la n s  9 3 .9  3 (0 .3 )  0 (0 )  0 (0 )  3 (0 .1 )  
sb_ 3 _ 1   S erra tia  p ro tea m a cu la n s  9 1 .2  0 (0 )  0 (0 )  5 (0 .4 )  5 (0 .2 )  
cn _ 0 _ 3 9   S erra tia  p ro tea m a cu la n s  8 8 .5  1 (0 .1 )  0 (0 )  0 (0 )  1 (<0 .1 )  
cn _ 0 _ 1 0   S h ewa n ella  p u trifa cien s  8 9 .2  3 1 (2 .6 )  0 (0 )  0 (0 )  3 1 (0 .9 )  
        
cn _ 1 0 _ 1  Ot h er  Bla sto p irellu la  m a rin a  7 7 .3  2 (0 .2 )  0 (0 )  0 (0 )  2 (0 .1 )  
cn _ 9 _ 1   Bla sto p irellu la  m a rin a  7 6 .0  2 (0 .2 )  0 (0 )  0 (0 )  2 (0 .1 )  
cn _ 0 _ 1   Ch la m yd o p h ila  p sitta ci  6 9 .0  0 (0 )  1 (0 .1 )  0 (0 )  1 (<0 .1 )  
   T o t al  1 1 7 5 (1 0 0 )  1 0 0 0 (1 0 0 )  1 1 8 1 (1 0 0 )  3 3 5 7 (1 0 0 )  
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3.4.3 Quantitat ive PCR of  intest inal microbiota  
Four targe ts  were se lec ted from the  three  lib rar ie s  for  quantif icat ion by 
qPC R in ind ividua l fish rep resented  in the  samp le  poo ls  used  to cons truc t  the  
l ib ra r ies  (Tab le  3. 2) .  Targe ts  were  chosen to  represent ve ry abundant  a s  we ll as  
med ium abundance  and ra re sequences in the  lib ra r ies .  Based  on ten- fo ld  
d ilut ion se r ies  o f c loned targe t sequences , the de tec t ion l imit  o f the a ssays was  
de te rmined  to  be 5 x 102  targe t cop ies  g-1  o f inte s t ina l contents.   All four  assa ys  
were  app lied  to the 13 d is ta l gut  contents  DNA extrac ts  from ind iv idua l f ish that  
comprised the l ib ra ry poo ls  (4  from CN,  6  from FM and  3  from the  S B M group ).  
Insuff ic ient  DN A extract  was ava ilab le to conduct  the assays on the remain ing  





F igure 3.2  Q uantita t ive  PC R de tec t ion o f four  bac ter ia l ta rgets  in intes t ina l  
contents o f ind iv idua l fish compris ing the cpn 60 l ib ra ry poo ls .  The frequency 
o f each ta rge t sequence in the  three l ib ra r ie s (CN : FM : S B) is ind icated in  
parentheses  be low the ta rge t name.  Q uantit ie s  repo r ted are the ave rage  o f two  


























(1032:537:1148) (0:17:0) (0:365:0) (0:23:0)




* ** **** ** ** ** *** **
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C. malt arom aticum , which was seen as the most abundant bac ter ia l  
sequence  in the c lone l ib ra r ie s, was  the  most abundant (o f the four  spec ies  
de tec ted ) in some  fish.  Q uantit ie s  o f C . ma lta romat icum  d e tected  ranged  from 
unde tec tab le  to 6.26 x 106  g-1 .   All ta rge ts were de tec ted  in a t  leas t one  
ind ividua l in each d ie t group , excep t  for  E.  faeca lis,  which was  no t  de tec ted in  
any o f the S BM d ie t group  fish.   Eno rmous  va r ia t ion in targe t abundance was  
observed  be tween ind iv idua l f ish fo r  three o f the targe ts .  In contras t , de tec ted  
quantit ie s o f Leuconostoc  c itreum- l ike sequenc es  were  cons is tent,  detec ted in  
all ind ividua l samples and ranging from 7.53 x 10 4  g-1  to 6.04 x 105  g-1 .   
3.4.4 Host  gene expression 
Express ion o f PCN A,  IL-1β, and IgM was examined in mid  gut and  d is ta l  
gut t is sues o f a ll ind iv idua l fish. Q uantifica t ion was expressed re la t ive to  
housekeep ing gene β-ac t in and the mean copy number ± S EM is repo r ted  in Tab le  
3.5.   Var ia t ion in gene  express ion leve ls  be tween ind iv idua l f ish was h igh fo r  
a ll gene  ta rgets.  Exp ress ion o f PCN A was  s ignif icantly inc reased  ( P  < 0.05)  in  
the mid gut  o f an ima ls  fed  the  re ference  d ie t  re la t ive  to the f ish mea l and  
soybean mea l d ie ts.  A no n-s ign if icant  trend  (0.10  <  P  >  0.05 ) was  a lso  observed  
fo r IL-1β  in the same group .  N o o the r s ign if icant d if fe rences  o r trends in gene  




Table  3 .5  Express ion of  target  ge nes  in intestine  o f ra inbow trout fed 





Midgut  Distal gut 
 CN FM SBM  CN FM SBM 
IgM 977 ± 237 941 ± 333 717 ± 165  2060 ± 675 1181 ± 367 2062 ± 708 
IL-1β  2010 ± 1057*  135 ± 25*  225 ± 45*   544 ± 201 463 ± 121 292 ± 74 
PCNA 1101 ± 194a  537 ± 116b  440 ± 73b   1396 ± 393 548 ± 77 1082 ± 243 
Val ue s  are  me an β-act normal i z e d copy numbe rs  ±  S EM 
ab Me ans  i n  the  sa me  r o w wi th  di ffe re nt su pe rs c ri pts  are  s i gni fi can tl y di ffe re nt ( P  <  0. 05)  
(Tuke y's  HS D te st)  





3.4.5 Correlat ions between diets, host  gene expression and intest inal microbiota  
Corre la t ions be tween a l l pa irs o f exper imenta l pa rameters were ca lcula ted  
and s ign if icant  co rre la t ions a re repo rted in Tab le 3 .6 and F igure 3.3 . All  
corre la t ions be tween IL-1 β in mid  and  d is ta l gut  and  IgM in mid  and  d is ta l gut  
showed s ign if icant pos it ive  corre la t ions (P  < 0.05 ). The semi- pur if ied re fe rence  
d iet  was  pos it ive ly corre la ted  with PCN A express ion in the  mid  gut  and  
negative ly co rre la ted  with H.  a lvae  numbers  in the  d is ta l gut .  In contras t,  the  
fish mea l d ie t  was pos it ive ly co rre la ted with the nu mbers o f H. a lvae and  
negative ly co rre la ted with the numbers o f C.  ma ltaromaticum .  The numbers o f H. 
alvae and L. c itreum  were pos it ive ly corre la ted with each o ther and H. a lvae  
was nega tive ly co rre la ted with IL-1β in the mid  gut while  L.  c itreum  was  
negat ive ly co rre la ted with IL-1 β in the  d is ta l gut . F ina lly,  PCN A in the  d is ta l 




Table  3. 6 Two -ta i led corre la t ions  be twee n die ts ,  intes t ina l  ge ne  express ion 
and intestinal bacte ria l popula t ions . Only s ignificant corre la t ions  (P  < 0.05)  
are  shown. 
 
P aram et er s 
  
Referen ce  
 
Fish  m eal  
 
IgM 
Mid gut  
IgM 
Dist al gut  
IL-1   
Mid gut  
IL -1  
Dist a l gut  
H.  a lva e  
 
r  I gM Dist al gut     0 .5 8 1      
P -v alue      0 .0 0 3      
 
r  IL- 1  Mid gut      0 .8 6 8    0 .6 4 8     
P -v alue     <0 .0 0 1  <0 .0 0 1     
 
r  IL- 1  Dist a l gut      0 .8 8 5    0 .6 5 1    0 .9 9 2    
P -v alue     <0 .0 0 1  <0 .0 0 1  <0 .0 0 1    
 
r  P CNA Mid gut  0 .4 7 4        
P -v alue   0 .0 1 7        
 
r  P CNA Dist al gut      0 .4 8 2     
P -v alue       0 .0 2     
 
r  C.  m a lta ro m a ticu m   - 0 .7 1 7       
P -v alue    0 .0 4 5       
 
r  H.  a lva e  -0 .6 8  0 .5 5 3    - 0 .4 7 7    
P -v alue    0 .0 0 2  0 .0 1 7     0 .0 4 6    
 
r  L.  c itreu m       - 0 .6 3 8  0 .7 2 3  






F igure 3.3  The re la t ionship s  be tween s ignif icant co rre la t ions (P  < 0.05)  o f d ie ts,  
inte s t ina l gene  exp ress ion and intes t ina l bac te r ia l popula t ions  in ra inbow trout.  
The numbers are co rre la t ion coe ff ic ients ( r) . So lid line s ind ica te pos it ive  
correla t ions while broken lines indicate negative correla t ions.  
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Because o f the wide range o f mic rob io ta desc r ip t ions in ra inbow trout  
stud ies  and the  estab l ished  e ffec ts  o f management s tyle , d ie t and othe r  va r iab les  
on the mic rob io ta, it  is  e ssentia l to  co l lec t deta iled info rmation on the hos t and  
intes t ina l mic rob io ta charac te r is t ic s o f any par t icula r  exper imenta l sys tem p r ior  
to  d rawing conc lus ions  from exper iments  in wh ich these  fac to rs are  manipula ted .  
During the  d igest ib i l ity t r ia l desc r ibed  in this  manusc r ip t,  we  eva lua ted  the  
d iges t ib i l ity o f soybean mea l and  fish mea l and a lso cha racte r ized the intes t ina l  
contents  mic rob io ta  and  f ish in f lammato ry marker gene  express ion fo r  27  
indiv idua l fish in three diet groups.  
In the  current  study, a semi-pur if ied  re ference  d ie t  was used.   S uch d ie ts  
have been shown to be  assoc ia ted with poor  feed ing ac t ivit y and  growth 
perfo rmance in some f ish so  feed at trac tants have been required  (Kaushik . 1998) .  
The N RC (1993) sugges ts tha t the use o f f ish mea l to remedy pa la tab il ity issues  
with pur ified d ie ts.   However, the use o f a re ference d ie t  conta in ing soybean 
mea l and/or  fish mea l would have confounded our measurements o f inte s t ina l  
mic rob io ta and  gene  exp ress ion so  a  pur if ied  d ie t was  used to  e l imina te  this  
concern.   The pur if ied re fe rence d ie t chosen is  s imila r  to  those  emp loyed in  
othe r s tud ies , p r imari ly those focused on de te rmin ing vitamin and amino ac id  
requ irements o f finf ish (K im,  et  al . 1991 ; K im, et  a l. 1992a ; K im,  et  al . 1992b;  
Kaushik. 1998).  
Results  o f these stud ies have led these  resea rchers  to wonder whe ther  
pur if ied re fe rence d ie t unpa la tab il ity is re la ted to  sensory a t tr ibutes o f the d ie ts  
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or a nega tive feedback response due to gas tro intest ina l upse t. K rogdah l e t a l.  
(Krogdahl,  et  a l.  2003)  found  when soybean mea l is  inc luded a t leve ls  a s low as  
10% in the d ie t o f Atlant ic  sa lmon (Sa lmo  salar ),  fac to rs such as  feed  intake,  
growth, d iges t ib il ity and gut h is to logy and enzyme ac t iv ity were nega tive ly  
impac ted . As  the  d igest ib i l ity va lues be tween the  pur if ied re fe rence  d ie t  and  the  
soybean mea l tes t d ie t d id no t va ry s ign if icantly,  and evidence shows fish fed a  
pur if ied  re fe rence d ie t have  s ignif ican t  d if fe rences  in growth from f ish fed d ie ts  
conta in ing f ish mea l but not a s ign ificantly d if fe rent feed to ga in ra t io  (K im, et  
al. 1991), further histo logica l inves t igat ion may be warranted.  
P ur ified d ie ts are fo rmu la ted  to mee t the known nutr it iona l requirements  
o f sa lmon ids,  yet  our  re sults  suggest  tha t nutr it iona l info rmation in add it ion to  
proximate, amino ac id , vitamin and minera l composit ion is required .  F or  
example , Aksnes  e t a l. (Aksnes,  et  al . 2006 ) desc r ibed low mo lecula r  we ight  
pronutr it iona l fac to rs p resent in fish mea l tha t have an impac t on growth 
perfo rmance o f sa lmonids.   They might  a lso a ffec t intes t ina l mic rob ia l eco logy 
and  gene  exp ress ion.   F ur the rmore , ant inutr it iona l fac to rs present  in soybean 
mea l and  o the r p lant  p ro te in sources  conta in ant inutr it iona l fac to rs (Drew,  et  a l.  
2007 ) which may nega tive ly a ffec t growth perfo rmance and intes t ina l  
mic rob io ta.   Desp ite  the  p roposed  nutr ient  suitab il ity o f the  re fe rence d ie t,  our  
re sults  show it  was  less ava ilab le  nutr it iona l ly than the  fish mea l tes t  d ie t.   
These re sults  should  be taken into cons idera t ion with choos ing re ference d ie ts  
fo r spec if ic types o f feed ing tr ia ls in ra inbow trout . As the d iges t ib il ity  
ca lcula t ion used  in th is  tr ia l (Fo rs ter . 1999)  is  a  re la t ive  measurement whereby 
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the nutr ient  ut il iza t ion o f spec if ic ingred ients  a re compared with one ano ther  
based  on the ir  re la t ionship  to the re fe rence d ie t,  our f ind ings  suggest  the semi-
pur if ied  re fe rence d ie t  may be use ful in d igest ib i l ity s tud ies examin ing the  use  
o f nove l feed  ingred ients  but  is  no t nutr it iona l ly equa l to  a  d ie t  conta in ing fish  
meal.  
Est ima tes  o f the  cult urab le  p ropo rt ion o f the  intes t ina l mic rob io ta  o f t rout  
are 50% o r le ss  (Spanggaard , et  a l. 2000 ; Navarre te ,  et  a l. 2009;  Navarrete ,  et  al . 
2010 ),  mak ing cu lture- independent  mo lecula r  me thods essentia l fo r  ga ining a  
comprehens ive  unders tand ing o f this  eco logy.   App lica t ion o f a  wide  range o f 
me thods in a number o f s tud ies have led  to somewhat o f a consensus  on the  
ra inbow trout inte st ina l mic rob io ta : tha t it is  p r imari ly composed o f Gamma 
Pro teobac te r ia and  F irmicutes, pa rt icu la r ly lac t ic ac id bacter ia  (Spanggaard , et  
al.  2000 ; Huber,  et  al . 2004;  He ikk inen , et  a l. 2006 ; P ond , et  a l. 2006 ; K im,  et  
al. 2007 ; Navarre te , et  a l . 2010) .  Results o f the current s tudy a re cons is tent  
with these  obse rvat ions .  Although some Actinobac te r ia and  Alpha  
Pro teobac te r ia sequences were de tec ted in the  contro l l ib ra ry, the ma jor ity o f 
cpn60 sequences in the  c lone l ib ra r ie s co rresponded to F irmicutes and Gamma 
Pro teobac te r ia.   The Gamma Proteobac ter ia  sequences  were  more  d ive rse  (18  
d iffe rent  sequences)  compared  to the F irmicutes  (5 d iffe rent  sequences)  wh ich 
were  domina ted by sequences  nea r ly identica l to  Carnobacter ium  
malta romat icum  ( formerly C.  p iscico la  (Tab le  3 .4 ).   Grea ter  d ive rs ity o f 
sequences  was  de tec ted  in the  CN and  F M lib ra r ie s (16 and  14 sequences) than 
in the S B l ib ra r y in wh ich only 4  d iffe rent sequences were de tected .   The  FM 
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l ib ra ry conta ined  nea r ly equa l p ropor t ions o f F irmicutes  and Gamma 
Pro teobac te r ia  sequences, sugges t ing tha t  th is  d ie t suppo rted a more  
phylogenetica l ly d ive rse  mic rob iota  and  tha t  the  re fe rence d ie t  and  soybean 
mea l d ie ts  were  only to  ab le  to  support  a  narrower  range  o f bac ter ia l d ive rs ity.   
Re la t ive ly small numbers o f c lones were a lso examined from lib rar ie s genera ted  
from mid  gut  contents (approximate ly 100 -  200 c lones each) .  The taxa  
identif ied and  re la t ive  abundances  o f these  groups  were ve ry s imila r  to  the  
d ista l gut  l ib ra r ie s descr ibed  sugges t ing that  the  mid  gut  and  d is ta l gut  
microb io ta are simila r in structure in these fish (data not shown).  
Improvements  in culture-based methods have le d to  inc reased  recognit ion 
o f lac t ic ac id  bac te r ia such as Lact obacil lu s,  Lactococcus , L euconostoc, and  
Enterococcus in fish intes t ina l mic rob io ta  (Ringo,  et  al . 1998 ).   Among the  
othe r lact ic  ac id bacter ia , C arnobacter ium are common commensa ls  o f fish  
inc lud ing trout (Ringo ,  et  al . 2001)  where  they have been de tected  in intes t ina l  
contents (S panggaard ,  et  al . 2000 ;  K im,  et  a l. 2007)  and in the  mucosa l 
mic rob ia l commun ity (P ond , et  al . 2006 ).  They a re a lso cons ide red  for the ir  
potentia l as  p rob iot ic s  for  sa lmon ids  (Robertson , et  a l.  2000 ).   S pec ia t ion with in  
this  genus is  no t o ften pe rformed s ince it  can be d if f icult  us ing phenotyp ic  
me thods o r  16S rRN A sequence . 16S  rRN A sequences o f the  two most common 
fish commensa ls , C.  d ivergens  and C . malta romat icum, are ~ 98% identica l.  C.  
malta romat icum  is  eas i ly d is t ingu ished  from C.  d ivergens by cpn60  sequence  
(only 84% identica l) .  This  degree o f sequence  d if fe rence is  eas ily exp lo ited in  
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the deve lopment o f spec ies-spec if ic  qPC R assays  such as  those emp loyed  in th is  
study. 
Inte res t ing ly, desp ite its abundance in the c lone l ib ra r ie s, C.  
malta romat icum  was  not  de tec ted  in a l l o f the ind iv idua l f ish tha t comprised  the  
temp la te poo ls  used in l ib ra ry cons truct ion (F igure 3 .2 ).   It  was not  detec ted in  
three o f the  s ix FM ind iv idua ls  examined.   This  could  be because  the  o rganism 
is no t p resent in these ind iv idua ls , but a more like ly exp lana tion is  tha t it was  
present  be low the detec t ion limit  o f the assay (5 x 10 2  cop ies g-1 ).  Ano ther  
poss ib il ity is  tha t the  a ssay was  too  spec if ic , de tec t ing only some  s tra ins  o f C.  
malta romat icum .  Intraspec if ic  sequence  var ia t ion tha t could  be respons ib le  for  
our  observa t ion has been repor ted  in o the r  bac te r ia l spec ies  identif ied  in na tura l  
mic rob ia l communit ie s (Vermette, et  a l. 2010) .  However,  lit t le  cpn60 sequence  
var ia t ion was  de tected  in the  C.  ma lta romat icum - like  sequences,  with only 2  
d iffe rent  sequences  de tec ted.   Th is  is  cons is tent  with our  examina tion o f 
cultured C arnobacter ium  iso la te s from fish in the  same fac il ity wh ich ind ica ted  
a homogenous popula t ion based on cpn60 sequence (data not shown).  
Overa ll,  a  large amount o f var ia t ion was observed  in the quantit ie s  o f the  
four targe ts  in the 13 ind iv idua l f ish examined, with the  exception o f L.  c itreum ,  
which was  cons is tent  among a l l ind iv idua ls . Var ia t ion in mic rob io ta  be tween 
ra inbow trout on the same d ie t has been repo rted p revious ly and found to be a  
complica t ing fac to r in eva lua t ing the  e ffec ts  o f feed ingred ients on the  
mic rob io ta and intes t ina l hea lth (He ikk inen ,  et  al . 2006) .  In our  s tudy we  
focused  on the  mic rob ia l commun ity a ssoc ia ted  with intes t ina l contents  ra ther  
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than the at tached  mucosa l communit ie s and  lumina l commun it ie s may be more  
var iab le over t ime and be tween ind iv idua ls  due to the more dynamic  na ture o f 
the lumina l env ironment.  The incons is tent re la t ionship be tween qPC R results  
and  c loned  sequence frequency (F igure  3.2)  il lus tra te s the “poo ling e ffec t” 
frequently obse rved in s tud ies  where  poo led  samp les  from many ind iv idua ls  a re  
used to genera te  c lone  l ib ra r ie s.  In these  cases , the  inc lus ion o f one  ind ividua l  
with an abundance o f a pa rt icu la r  spec ies  can result  in an over - represe nta t ion o f 
the co rrespond ing sequence in the l ib ra ry (Desa i, et  a l. 2009 ).  This  is ce r ta in ly  
true  o f E.  faeca lis ,  wh ich was  p resent  a t  de tec tab le  leve ls  in only one o f the  FM 
ind ividua ls  but accounted fo r a lmost 2% o f the c loned sequences in the  FM 
lib ra ry.  Also,  a l l PC R-based methods  a re sub jec t to b iases in amp lif ica t ion 
e ff ic ienc ies  o f va r ious  temp la te  DN As,  a lthough in th is  case , the  cpn60  l ib ra ry 
was made  us ing techniques op timized  to  reduce  some  o f this  b ias (Hil l,  et  a l.  
2006 ).   Although the genera t ion o f c lone  lib rar ie s from poo led samp les is  no t a  
quantita t ive  app roach, it  does se rve to give a genera l ove rview o f the  re la t ive  
abundances o f popula t ion cons t ituents and more importantly,  p rovides re fe rence  
data for other quantita t ive approaches such as qPCR analys is .  
Anothe r aspec t  o f this  s tudy was  to examine  the exp ress ion o f hos t genes  
assoc ia ted with ep ithe l ia l damage  and in f lammation in intes t ina l t is sue.   
Nega tive  e ffec ts  on gut  ep ithe lium morpho logy,  inc reases in PCN A and  IgM in  
the d is ta l gut  o f Atlant ic  sa lmon on soybean- based d ie ts ha ve been repo r ted  
(Bakke-McKellep, et  a l.  2007 ).   S imila r his to logica l changes  but with no  
perfo rmance e ffect  have been repo rted  in ra inbow trout  (He ikk inen , et  a l.  2006 ).   
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These  p revious  stud ies o f in f lammato ry ind ica to rs  have been based on p ro te in  
de tec t ion (by ELIS A (IgM) or  immunohis tochemis try (PC N A)) .  In the  current  
study, we  emp loyed qPC R to  measure transc r ip t leve ls  re la t ive  to  the  
housekeep ing gene  -ac t in.  As i l lus trated in Tab le 3.5 , eno rmous var ia t ion in  
gene exp ress ion leve ls  was  detec ted,  mak ing the  recogn it ion o f t rends  in the  
da ta d iff icu lt .  Inte rest ing ly, d if fe rences were on ly observed in the mid  gut,  
a lthough the d is ta l gut has genera l ly been recogn ized as the s ite o f grea te st  
in f lammato ry impac t (He ikk inen , et  a l. 2006 ; Bakke-McKellep , et  al . 2007 ).   
PCNA exp ress ion was  s ignif icantly higher in mid  gut  t is sue from re fe rence d ie t  
fish than in f ish consumin g the  fish mea l o r  soybean mea l d ie ts  ( P  < 0.05)  and  a  
s imila r but non- s ign if icant t rend (0.10 < P > 0 .05 ) was observed fo r IL-1 .  
This  is sugges t ive  o f in fla mmation in the mid gut  o f f ish fed the re fe rence  d ie t.   
The lack  o f an obvious  soybean mea l e ffec t  may be because it  was  obscured  by 
the e ffects o f the  synthe t ic  basa l d ie t , which was  chosen for  its va lue  in des ign  
o f a d iges t ib i lit y t r ia l,  no t a t r ia l op timized fo r invest iga t ing inf lammation.   No 
s ign if icant d if fe rences in gene express ion in the d is t a l gut  t is sues were  
assoc ia ted with d ie t,  pe rhaps not  surpr is ing ly g iven the la rge va r ia t ion de tec ted  
within diet groups.   
The  results  ind ica te tha t d ie t composit ion may a lte r  hos t gene express ion 
and intes t ina l mic rob io ta.  However, the re la t ionship s be tween these d if fe rent  
paramete rs a re d if f icult  to pe rce ive thus , corre la t ion ana lys is was used to  
de te rmine re la t ionship s be tween paramete rs with the caveat tha t these  
corre la t ions do no t ind ica te cause and e ffec t but mere ly assoc ia t ions. The  
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in f lammato ry marker genes  IgM, IL-1β were high ly co rre la ted with each othe r in  
a ll two-way comparisons.  This  re la t ionship  has no t been previous ly repo r ted and  
bea rs fur the r examina tion. There were no d irec t corre la t ions be tween d ie ts and  
in f lammato ry gene  exp ress ion.  R athe r,  the e ffec t  o f d ie t appeared  to  be  
med ia ted through the e ffec t o f d ie t  on the mic rob io ta, represented by H. a lvae  
which in turn was co rre la ted with L. cit reum .  Intes t ina l mic rob io ta can 
modu la te  the  exp ress ion o f IL-1β in zeb ra f ish (Brugman ,  et  a l.  2009 ).   I t  is  
there fore  reasonab le  to  a ssume  tha t  in f lammation o f the  gut  repo r ted  in  
sa lmonids fed vege tab le- based d ie ts (Baeverfjo rd , et  a l. 1996 ; Bakke-McK ellep,  
et  al . 2000 ; Bakke-McKellep, et  a l . 2007) might be due to bo th the d irec t e f fect  
of diet and the ind irec t effec t of altera t ion of the gut microb io ta by diet.  
Intes t ina l bac te r ia use the und igested por t ion o f the d ie t a s ene rgy 
subs trates . Thus  the “ind iges t ib i lity coe ff ic ient” o r (1  -  ADC) descr ibes  the  
por t ion o f each nutr ient  tha t is  ava ilab le  to  the  intes t ina l mic rob io ta . The  
ind igest ib i l ity coe ff ic ients fo r the pur if ied, f ish mea l and soybean mea l d ie ts  
re spec t ive ly are 0.23, 0 .18 and 0.23 fo r d ry matte r and 0.08, 0.05 and 0.07 for  
crude  p ro te in.  The chemica l composit ion o f the und iges ted po rt ion o f the feed  
changes as we ll.  The soybean mea l d ie t and the pur if ied  d ie t have equa l 
ind igest ib i l ity coe ffic ient s o f 0.23. However,  for the soybean mea l d ie t , 30% o f 
this  frac t ion is  de r ived from soybean mea l which conta ins  approximate ly 29% 
to ta l non-s ta rch po lysacchar ides,  cons is t ing o f 15% pentosans ,  20% ce l lu lo se  
and  21% pec tin (Mala thi,  et  a l.  2001 ).  These  subs tra te s  may support  the  
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pro life ra t ion o f d iffe rent bacter ia l spec ies  in the intes t ina l t rac t . This  is  
supported by the results of the current study.  
A key f ind ing that  resulted from the app lica t ion o f qPC R,  for bo th 
in f lammato ry markers  and  in the  mic rob io ta  s tudy,  is  tha t  we  were ab le  to  
descr ibe quantita t ive ly the  fish- to- fish var ia t ion in our  exper iment .  This  
emphas izes  tha t  it  may be  cr it ica l to  examine  ind iv idua l f ish to  have  suff ic ient  
ana lyt ica l power to  determine  re la t ionsh ips  between d ie t , hos t  and mic rob io ta.   
An ind iv idua l app roach wil l permit the recognit ion o f spec ies within the  
mic rob io ta tha t are s ign ificantly a ffec ted by d ie t changes or  a re assoc ia ted  with  
health and performance .   
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Chapte r 4 Effects of plant-based diets on the distal g ut micro bio me 
of rainbow trout (Oncorhynchus mykiss). 
                                                                                                         
Chap te r 4 is a pa rt  o f a  mult i-d isc ip lina ry s tudy, and has been submitted  for  
publica t ion.  
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Rep lacement o f f ish mea l in aquaculture  d ie ts  with p lant  p ro te ins  is  
economica lly des irab le , but the e ffec ts  o f a lte rna t ive  p ro te in sources  on the  
intes t ina l mic rob iota and f ish hea lth a re poor ly unders tood . We examined the  
intes t ina l mic rob iome  o f 108  ra inbow trout  ( Oncorhynchus m yk iss ) fed  with  
d iets  inc lud ing p lant  ingred ients  (peas ,  soybean, cano la )  a t  two  p rocess ing  
leve ls  (mea l,  concentra te ),  o r  a  fish mea l (FM) contro l d ie t . Mic rob ia l  
commun ity p ro fi le s  were  de termined  us ing pyrosequenc ing o f cpn60  PC R 
produc ts and 16S rRN A DGGE. Mic rob ia l pro fi le s o f fish  fed the F M d ie t  
changed over the course o f the s tudy with reduction in spec ies r ichness and  
d ive rs ity and the re fo re  eva lua t ion o f the e ffec ts  o f exper imenta l d ie ts was  
accomplished through comparison o f each d ie t  with its concurrent F M contro l.  
P lant  ingred ient  d ie ts  were  a ssoc ia ted with higher  F irmicutes :P ro teobac te r ia  
ra t io s than contro ls . Bo th DGGE and pyrosequenc ing da ta  showed that  
mic rob iomes o f fish fed  mea l-based d ie ts were more d is t ingu ishab le from the  
FM contro l mic rob iomes than were the mic rob io mes o f fish fed p ro te in  
concentra te  d ie ts.  C hanges  in the  F M d ie t  a ssoc ia ted pro fi le s  could  be the  resu lt  
o f age-re la ted  phys io log ica l changes in these f ish o r  a  long- te rm e ffec t o f the  
change  in environment from outdoo r aquaculture  fac i l ity to  an indoo r  r e-
c ircula t ing fac il ity.  Regard less  o f the  reason, these  obse rva t ions have  
s ign if icant  imp lica t ions fo r future  eva lua t ions  o f d ie ts and  ingred ients . We a lso  
demonstrated  changes  in the  intest ina l mic rob iome  tha t  may contr ibute  to  
negative  hea lth outcomes when d ie ts conta in p lant mea l prote ins . These changes  
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in mic rob iome s truc ture can be min imized with add it iona l p rocess ing o f p lant  





The F ood  and Agricu lture O rgan iza t ion o f the United N ations  has dec la red  
the important  ro le  o f the aquacult ure sector  in achieving g loba l food ava ilab il ity,  
economic  growth,  and improving l iv ing s tandards o f peop le  in deve loped  as we ll  
as deve lop ing countr ie s  a round the g lobe  (F AO.  2000 ). Th is  rap id ly deve lo p ing  
agr icu ltura l sec to r d irec t ly depends  on the  aquafeed  indus try, which in turn 
depends on f ish mea l (FM) as its  p r imary prote in source.  S ince the globa l supp ly  
o f F M is insuff ic ient to mee t the demands o f a growing indus try, there is  
s ign if icant  inte res t in f ind ing a lterna t ive  p ro te in sources approp r ia te  for  
ca rnivo rous aquaculture f ish (Tacon, et  al . 2008 ). A majo r obs tac le to th is work  
is  tha t these p lant-based d ie ts induce a va r ie ty o f his to log ica l and func tion a l  
changes  in the  gas tro intes t ina l t rac ts  o f fish.  O bserved  e ffec ts  inc lude  change  in  
the intest ina l s tructure, in f lammation, reduced growth as we ll a s nutr ient  
d iges t ion and abso rp tion, and an inc reased suscep tib i l ity to d isease (Krogdahl,  
et  a l.  2000 ; Nord rum,  et  a l.  2000 ). These  changes are thought  to be  due to  d irect  
e ffects o f ant i- nutr it iona l fac to rs in p lant  ingred ients and/or the ind irec t resu lt  
o f d ie t- induced  changes in the  s truc ture and  func tion o f the intes t ina l mic rob io ta  
(O lsen,  et  a l.  2001 ; Ringo , et  a l . 2006c).  P lant  ingred ients such as soybean,  
cano la and  peas  have  been used  p revious ly in manufac tur ing o f aquaculture d ie t s  
(Thiessen , et  a l. 2003 ; Mundhe im, et  al . 2004 ; Ga tl in , et  a l. 2007 ). These  
ingred ients a re  known to conta in ant i- nutr it iona l fac to rs such as saponins ,  
glucos ino la tes , p hyta te and tryps in inhib ito rs, a lthough p rocess ing the  
ingred ients can reduce the ir  leve ls.  P revious  s tud ies have shown that  soy p ro te in  
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concentra te (S PC) and cano la p ro te in concentra te (CPC ) can be used at  
maximum inc lus ion ra te s o f 50% and  pea prote in co ncentrate (PPC ) a t 27% 
without having a negative  impac t on fish growth (Mambrini,  et  a l. 1999;  
Thiessen, et  al . 2003 ; K rogdahl, et  a l. 2010) . However, the e ffec ts o f the se  
ingred ients on intes t ina l phys io logy and mic rob io ta o f sa lmonid f ish have not  
been inves t igated . 
There is  a long his to ry o f the  app lica t ion o f culture -based techniques to  
understand the s truc ture and dynamics o f the intes t ina l mic rob iota o f fish  
(Cahil l.  1990 );  however,  these  me thods  give  a  limited  p ic ture o f the intes t ina l  
mic rob io ta s ince  only culturab le bac ter ia l spec ies are de tec ted.  Mo lecula r  
techniques such as c lone lib rary sequenc ing,  tempera ture grad ient  g e l 
e lec tropho res is (TGGE),  res tr ic t ion fragment length po lymorphis m (RF LP), and  
fluo rescence in s itu hyb r id iza t ion (F IS H) have a lso  been used  to cha rac te r ize  the  
dominant  bac te r ia l components o f the  ra inbow trout inte s t ina l mic rob io ta  (Huber , 
et  a l.  2004 ;  Mansfie ld ,  et  a l.  2010 ; N avarre te ,  et  al . 2010) . However , the re  a re  
few repor ts on the e ffect o f d ie t on the intest ina l mic rob io ta o f f ish  (He ikk inen ,  
et  al. 2006; Bakke-McKellep, et  al. 2007; Dimitrog lou, et  al. 2009) 
The cpn 60 un ive rsa l ta rge t (UT) has been exp lo ited  in cha racte r iz ing  
mic rob ia l commun it ie s  a ssoc ia ted with enviro nments  such as  the  urogenita l and  
d iges t ive  sys tems o f humans and o ther  ter res tr ia l animals  (Hil l,  et  a l . 2005a;  
Hil l,  et  a l. 2005b ; Dumonceaux , et  a l . 20 06a ; Desa i,  et  a l. 2009) . The cpn60  
gene has been es tab lished as  an info rmative gene ta rge t tha t has more  
d isc r imina ting power  than the  16S rRN A gene  for  c lo se ly re la ted  spec ies  (Hil l,  
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et  a l . 2004) . We recently repo rted  a  cpn60  c lone  l ib ra ry based  character iza t ion 
o f the e ffec ts  o f soybean mea l and fish mea l d ie ts on ra inbow trout  d is ta l gut  
mic rob io ta (Mansfie ld , et  a l. 2010) . An important observa t ion in this  s tudy was  
subs tantia l animal- to-animal var ia t ion in the re la t ive abundances  o f identif ied  
bac te r ia l sequences (de tec ted by qPC R),  sugges t ing tha t  ana lys is  o f ind ividua l  
fish rathe r than poo led samp les would  be c r it ica l to suppo rt conc lus ions  
rega rd ing d ie t  e ffec ts  on the  intest ina l mic rob iome.  P yrosequenc ing techno logy  
has  now made la rge-sca le  sequenc ing o f many samp les feas ib le and  this  
technique has been successful ly adop ted to take advantage o f the d isc r imina ting  
power o f the cpn60 UT (S che llenberg , et  a l.  2009 ; S che llenberg , et  a l.  2011a;  
Chaban, et  al. 2012). 
We hypothes ized tha t the nega tive  pe rformance and  hea lth outcomes  
repor ted when f ish a re  fed p lant -based ingred ients a re med ia ted in pa rt  by 
changes in the pro fi le o f inte s t ina l mic rob io ta . The ob jec t ive o f this s tudy was  
to  eva lua te  changes  in the  s truc ture  o f the  intes t ina l mic rob io ta  o f ra inbow trout  
assoc ia ted with d iffe rent p lant-based d ie ts re la t ive  to a F M contro l d ie t. Results  
suppo rt  the  conc lus ion tha t mea l fo rms  o f p lant ingred ients  d is rup t the intes t ina l  
mic rob iome , however,  fur ther  p rocess ing to pro te in concentrate fo rms  minimizes  
d isrup tions in the intes t ina l mic rob iome  compared to a "go ld s tandard" F M d ie t.   
Our re sults suppo rt fur the r deve lopment o f p lant  p ro te in p rocess ing techn iques  




4.3 Materials and methods  
4.3.1 Fish Management  
Trip lo id  female  ra inbow trout  ( Onchorhynchus  myk iss ) were purchased  
from the Wild  West Stee lhead f ish fa rm (Lucky Lake,  SK,  Canada).  The ave rage  
we ight  o f f ish dur ing the course o f the  exper iment  inc reased from 510 g to  1,100  
g. All t r ia ls  were conducted a t the  Pra ir ie  Aquaculture  Research C entre (P ARC,  
Unive rs ity o f Saskatchewan, Saskatoon, SK), a b io - fi lte red, rec ircula t ing  
aquaculture  sys tem.  F ish were housed in 360 L tanks with wa te r tempera ture  
ad jus ted a t 15±1 °C with photoper iod o f 14 h l ight  and  10  hours da rk . All  
ins truc t ions and gu ide lines se t  by the  Canad ian Counc il o f Animal Care (CC AC,  
2005 ) were fo l lowed throughout  the  exper imenta l t r ia l (Unive rs ity C ommittee  
on An ima l Care and S upp ly Protoco l 19980142) . All f ish were hand - fed to  
satiety twice daily.  
4.3.2 Growth Experiments 
Each p lant ingred ient  (soybean, pea o r cano la ) was fed  as e ithe r a g round  
mea l o r p ro te in concentra te . Die ts  conta in ing fish mea l (390 g/kg Nova Sco tia  
herr ing mea l;  S hur- Ga in Aquaculture , Truro, NS, C anada or 400 g/kg West  
Coas t  F ish Mea l;  F edera ted  Co-Opera t ive  Ltd. , Saska toon, SK, Canada)  were  
used as a contro l. Two  sources o f fish mea l were necessary to provide adequa te  
amounts for  d ie t fo rmu la t ion for the ent ire exper iment.  The  exper imenta l d ie ts  
were fo rmu la ted to conta in 300 g/kg o f the ir re spec t ive p lant ingred ients. All  
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d iets  were  fo rmu la ted to  conta in 17.58  MJ/kg d iges t ib le  ene rgy and  386.2  g/kg 
o f d iges t ib le  c rude p ro te in and met o r exceeded the nutr ient requ irements for  
ra inbow trout (N RC (N a tiona l Resea rch Counc il) . 1993 )  (Tab le 4.1 ). The  
feed ing tr ia ls  were  conduc ted over a 12 month per iod sta rt ing with pea mea l 
(PM) and PPC , fo llowed  by soybean mea l (S BM), S PC and cano la mea l (CM),  
and conc lud ing with C PC (F igure  4. 1) . A contro l group  fed  with the  FM d ie t was  
inc luded concurrently wit h each exper imenta l d ie t.  F M d ie t  rep l ica tes assoc ia ted  
with each exper imenta l d ie t a re  anno ta ted  with subscr ip ts,  e . g.  F M SBM  is  the  FM 
contro l d ie t group  concurrent  with the S BM tr ia l.  Each feed ing tr ia l la sted  56  
days with a re st  pe r iod o f 4 to 6 weeks be tween tr ia ls.  Thr ee tanks were  
randomly ass igned  to  each d ie t . The  same f ish were used  throughout  the  





Table  4.1 Ingredient composit ion of experimenta l die ts .  
 
In gredien t  (g/k g)  FM
*
 P M P P C SBM FM
%
 SP C CM CP C 
P ea m eal
a
 0 .0 0  3 0 0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  
P ea p ro t ein  
co n cen t r at e
b
 
0 .0 0  0 .0 0  3 0 0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  
So y bean  m eal
c
 0 .0 0  0 .0 0  0 .0 0  3 0 0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  
So y  p ro t ein  
co n cen t r at e
d
 
0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  3 0 0 .0 0  0 .0 0  0 .0 0  
Can o la  m eal
e
 0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  3 0 0 .0 0  0 .0 0  
Can o la  p ro t ein  
co n cen t r at e
f
 
0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  0 .0 0  3 0 0 .0 0  




3 9 0 .00 3 8 7 .1 0  2 7 5 .4 1  2 9 9 .6 4  0 .0 0  0 .0 0  0 .0 0  0 .0 0  
W est  co ast  f ish  m eal
h
 0 .0 0  0 .0 0  0 .0 0  0 .0 0  4 0 0 .0 0  2 1 7 .1 7  4 5 2 .8 0  4 0 7 .8 3  
Meat  an d bo n e m eal
i
 2 2 4 .80 0 .0 0  5 6 .2 4  4 5 .8 3  3 0 4 .0 0  8 9 .6 3  0 .0 0  0 .0 0  
Fish  o il
j
 1 4 1 .34 1 5 6 .3 1  1 2 2 .0 3  1 4 6 .5 4  1 2 0 .5 0  1 6 9 .8 6  8 3 .6 0  7 4 .2 8  
Alp h a-cellulo se
k
 1 1 7 .94 0 .0 0  6 7 .6 3  9 0 .1 9  5 7 .8 0  1 0 3 .3 3  4 4 .2 0  9 5 .8 4  
W h eat  f lo ur
l
 1 0 0 .00   4 7 .5 6  1 0 0 .0 0  1 0 0 .0 0  1 0 0 .0 0  1 0 0 .0 0  1 0 0 .0 0  1 0 0 .0 0  
Co rn  glut en  m eal  1 1 .1 6    9 5 .0 4    6 2 .7 0      2 .6 3  4 .7 5  0 .0 0  0 .0 0  0 .0 0  
Vit am in  p rem ix
m
 4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  
Min eral p rem ix
n
 4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  4 .7 5  
Ch o lin e ch lo r ide
o
 4 .0 0  4 .0 0  4 .0 0  4 .0 0  4 .0 0  4 .0 0  4 .0 0  4 .0 0  
DL-Met h io n in e
p
 0 .7 5  0 .0 0  2 .0 0  1 .1 7  1 .8 0  3 .0 2  0 .2 0  1 .4 2  
L-Ly sin e
q
 0 .0 0  0 .0 0  0 .0 0  0 .0 0  1 .9 0  2 .9 9  5 .2 0  6 .6 3  
Vit am in  C
r
 0 .5 0  0 .5 0  0 .5 0  0 .5 0  0 .5 0  0 .5 0  0 .5 0  0 .5 0  
 
* FM di et  f ed  a s  co ntro l  wi th  PM, PPC  a nd SB M.  
% FM di et  f ed  a s  co ntro l  wi th  SPC , C M a nd C PC .  
a  Yel l o w f i e l d  pea , C DC  Mo za rt;  C ro p Devel o pm ent  C entre , Sa s ka to o n, SK, C a na da .  
b  Pea  pro te i n  co ncentra te , ye l l o w f i e l d  pea , pres t i g e  pro te i n;  Pa rrhei m  Fo o ds , Sa s ka to o n, SK, C a na da .  
c  So ybea n m ea l ;  Federa ted C o o pera t i ves  Li m i ted, Sa s k a to o n, SK, C a na da .  
d  So yco m i l ®  K;  A DM Speci a l ty I ng redi ents  (Euro pe)  B V, Ko o g  a a n de  Za a n, The  N ether l a nds .  
e  C a no l a  Mea l -3 5 ;  Federa ted C o -Opera t i ve  Ltd., Sa s ka to o n, SK, C a na da .  
f  C a n Pro  I P;  C a nPro  I ng redi ents  Ltd., Sa s ka to o n, SK, C a na da .  
g  N o va  Sco t i a  he rr i ng  m ea l ;  Shur -G a i n A qua cul ture , Truro , N S, C a na da .  
h  Wes t  C o a s t  Fi s h  Mea l ;  Federa ted C o -Opera t i ve  Ltd., Sa s ka to o n, SK, C a na da .  
i  Sa s ka to o n Pro ces s i ng  C o .;  Sa s ka to o n Pro ces s i ng  C o ., Sa s ka to o n, SK. C a na da .  
j  Da ni s h  Fi s h  Oi l ;  FF o f  Denm a rk, Ska g en, Denm a rk . 
k  So l ka - f l o c® , 2 0 0  FC C ; I nterna t i o na l  f i ber  co rpo ra t i o n, N o rth  To na wa nda , N Y, U SA .  
l  R o bi n  Ho o d A l l -Purpo s e  Fl o ur;  R o bi n  Ho o d Mul t i f o o ds  C o rpo ra t i o n, Ma rkha m , ON , C a na da .  
m  DL-m ethi o ni ne , f eed g ra de . Deg us s a  C o rpo ra t i o n, Theo do re , A L, U SA .  
n  Vi ta m i n prem i x ,  co m m erci a l  (EWOS  FI SH - STR  VI T  P X,  S urre y,  B C ;  c l o s ed  f o rm ul a t io n) , f o rm ul a ted to  m eet  the  
requi rem ents  o f  juveni l e  ra i nbo w tro ut;  B A SF C a na da , Surrey, B C , C a na da .  
o  6 0 %  C ho l i ne  C hl o r i de;  C hi no o k G ro up Li m i ted Pa rtners hi p , So m bra , ON , C a na da .  
p  DL-m ethi o ni ne , f eed g ra de . Deg us s a  C o rpo ra t i o n, Theo do re , A L, U SA .  
q  L-Lys i ne , m o no hydro chl o r i de;  A j i no m o to  Hea rt l a nd LLC , Eddyvi l l e , I A , U SA .  






F igure 4 .1 Timing o f d ie t tr ia ls .  Horizonta l ba rs ind ica te the 8 -week pe r iod for  
each stage o f the  exper iment .  Exper imenta l d ie ts  (b lack ba rs ) conta in ing p lant  
ingred ients  were  each conduc ted  concurrently with an FM contro l d ie t group  
(white  ba rs) .  Three  fish from each o f three tanks were co l lected  fo r each d ie t,  





4.3.3 Sample collect ion and DNA ex tract ion  
For  each tr ia l,  a fte r the feed ing pe r iod  o f 8 weeks,  nine  fish from the  
exper imenta l d ie t  group and nine  fish from the contro l group were se lec ted  
randomly and  euthanized (three  fish from each o f three tanks fo r each group ).  
One f ish from F M SP C had  no intes t ina l contents and  was exc luded  from the  study. 
Dis ta l gut  contents were co llec ted as desc r ibed p revious ly (Mansf ie ld , et  a l.  
2010). 
Br ie fly,  the  gas tro intes t ina l t rac t  was d issec ted  and the  d is ta l gut  contents  
were  squeezed  out  into  a  s te r i le  tube and  he ld on ice  p r io r to  s to rage  a t  -80  °C  
unti l DNA extrac t ion.  To ta l genomic  DN A was extrac ted  from the  d is ta l gut  
contents  o f ind iv idua l f ish us ing the  Q IAamp ® DN A S too l Mini K it  (Q iagen Inc. , 
Mississauga, ON).  
4.3.4 16S rRNA PCR-DGGE and cluster analysis 
PCR was  perfo rmed with unive rsa l p r imers  F -968-GC and R-1401 f lank ing  
the V6-V8  region o f the  16S rRN A gene  (N ube l, et  al .  1996 ) as  descr ibed  
prev ious ly (Kons tantinov , et  a l.  2003 ). PC R amplicon separat ion was  done on an 
8% po lyacryla mide ge l with a grad ient o f 45-60% urea as desc r ibed previous ly  
(Janczyk , et  a l . 2007 ).  Marker  lanes  were  run in the oute rmost  lanes  o f each ge l.  
DN A s ize  ladders  were composed o f 16S  rRN A V6 -V8 PC R p roduc ts o f bac ter ia l  
iso la te s and  c lones from the hind  gut  o f ra inbow trout.  Ge ls  were  s ta ined  
SYBR® Gold N uc le ic  Ac id Ge l S ta in ( Invitrogen Canada, Burl ington, ON) and  
visua l ized and photographed under ultravio let light.  
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DGGE fingerp r ints  were  no rmalized and  ana lyzed us ing  Ge lCompar  II  
V6 .1  so ftware  (App lied  Maths  Inc .,  Aust in,  TX). Pe rcent s imila r ity ind ices o f 
the fingerp r ints were ca lcu la ted us ing the Pearson p roduc t - moment corre la t ion.  
Dendrograms o f the f ingerpr ints were built us ing the ca lcula ted Pea rson 
correla t ion un-we ighted pair group method algor ithm (UPGMA).  
4.3.5 Sample preparation for pyrosequencing  
For  each samp le  o f intes t ina l contents , cpn60  UT PC R p roduc t  lib rar ie s  
were genera ted us ing p r imers and PC R p ro toco ls desc r ibed previous ly  
(Sche llenberg , et  a l.  2011a).  Both fo rward and  reve rse  p r imers  were  mod if ied  at  
the 5 ' end  with one o f 14 un ique mu lt ip lexing identifica t ion (MID) tags.   
Samples were combined into e ight  poo ls  o f 14 samp les and sequenced in e ight  
regions  o f a  16  region p ico t it re p la te us ing the Roche  454 sequenc ing p la tfo rm 
with Titanium chemis try (Na tiona l Research Counc il P lant  Bio techno logy  
Institute , Saskatoon, SK).  
4.3.6 Sequence data analysis 
P yrosequenc ing da ta was  p rocessed  us ing the  de fault  on- r ig p rocedures  
from 454 /Roche  (Brand fo rd,  C T) and  fi lte r -pass ing reads were b inned by MID 
identity. Reads  with a  recognizab le  MID were pa r t it ioned us ing the  SF Ftoo ls  
from Roche /454.  S ubpopula t ions  o f reads  exh ib it ing MID degrada tion were  
identif iab le us ing cus tom P ERL scr ip ts. Identif ica t ion o f degraded  MID was  
poss ib le  through the identifica t ion o f the  cpn60  UT pr imer  s ite  and extract ion o f 
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the sequence immed ia te ly 5' o f the cpn60 UT p r imer . The sequence immed ia te ly  
proximal to  the  cpn60  UT p r imer  (< 10  bps)  is  a  pe rfec t  suff ix o f the  MID 
sequence  and thus was  traced to  its correspond ing MID given the se t o f MIDs 
loaded in the  same phys ica l region.  O pera t iona l taxonomic  units  (O TU) were  
assembled from the entire da tase t (108 ind ividua l f ish p ro f ile s ) us i ng the cDNA 
mode  for  newb le r,  an over lap  MinMatchIdentity o f 91%,  and  over lap  
MinMatchLength o f 137 (o r a t least 25% o f the cpn60 UT)  (Sche llenberg, et  a l.  
2009 ). N eares t ne ighbours fo r a ll O TU were identif ied by comparison to a  
re fe rence sequence  da tabase  us ing a  combina tion o f BLAS Tn and  S mith-
Wate rman a lgo r ithms (wa te redBLAS T) as  descr ibed  p revious ly (Sche llenberg , et  
al.  2009 ). The re fe rence sequence  da tabase was  cpnDB_nr (re tr ieved from 
www.cpndb. ca,  2011-04-03) (Hill,  et  al . 2004 ) supp lemented with cpn60 UT 
sequences p revious ly der ived from the trout inte s t ina l mic rob io ta  (Mansfie ld , et  
al.  2010 ). O nly O TU with >55% identity to  a re fe rence sequence  over a t least  
150 bp were re ta ined . S equences with <55% identity to  the  re fe rence  da tabase  
were  determined to be non-cpn60  based on manua l examina tion o f  sequence  
s imila r ity resu lts, and  were d iscarded . Rare fac t ion curves, b ia s -co rrec ted C hao1  
r ichness and S impson’s  index o f d ive rs ity were  ca lcula ted based  on assembled  
OTU using MOTHUR (Schloss, et  al. 2009). 
Intes t ina l mic rob ia l pro fi le s from the va r ious exper imenta l and contro l  
groups were compared  us ing c lus te r  ana lys is  and pr inc ipa l co o rd ina tes  ana lys is  
(PCoA) based on the d is tance metr ic in Fas t UniF rac, inco rpo rat ing sequence  
frequenc ies  (we ighted UniF rac ) (Hamady,  et  a l . 2010 ).  Input phylogene tic t rees  
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fo r UniF rac  were  genera ted  from the  approp r ia te  co llec t ion o f nea res t ne ighbour  
sequences us ing DN ADIS T and N EIGHBO R programs in P HYLIP (P hy logeny 
Inte rfe rence P ackage, ve rs ion 3.5c ). A Methanosarc ina acet ivorans  cpn60  





4.4.1 Sequence data and ecological metrics  
The f ish consumed a l l d ie ts  read ily and  the ir  spec if ic  growth rates  were  
grea te r than 1% per day for  fish on a ll d ie ta ry trea tments. A tota l o f 99,568  
reads  were  ob ta ined  a fte r qua lity contro l and MID identifica t ion, with an 
ave rage o f 1,660 (± 1386 ) reads pe r samp le (n = 99  fish) . Eight l ib ra r ie s were  
omit ted  from the  ana lys is  due to small l ib ra ry s ize  ( fewer  than 100  reads),  
inc lud ing one from each o f the PPC and C M exper imenta l d ie t  groups and  three  
each from FM CM  and  F MCP C.  A to ta l o f 965 opera t iona l taxonomic  units  (O TU) 
were  assembled  from the combined  da ta and 94% o f these se quences were at  
leas t 80% identica l to  a re fe rence da tabase sequence . Neares t ne ighbours and  
abundance va lues fo r a l l O TU in a ll samp les are given in S upp lementa l Tab le 1.  
OTU abundances were scaled to the median library size of 1,386 reads.  
Rare fac t ion curves were p lo t ted fo r each d ie t group  (F igure  4 .2 ). The  
Good' s coverage es t ima to r fo r  exper imenta l d ie ts ranged from 0.945  (C M) to  
0.961 (S BM). The  Good' s coverage es t ima to r fo r  the  F M contro l d ie t  rep l icates  
ranged from 0 .948 fo r  FMP M  and  F MCM  to  0 .978 fo r  FMS BM.  C hao  1  r ichness o f 
mic rob io ta a ssoc ia ted with the exper imenta l d ie ts was cons is tent ly higher than 
the co rrespond ing FM contro l d ie ts (F igure 4.3 A). A s imila r, non- s ign ificant  
trend was seen fo r S impson’s d ive rs ity index ( F igure 4.3 B) with exper imenta l 
d iet  mic rob io ta  having h igher d ive rs ity than the  F M contro ls . A non- s ign ificant  
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trend o f decreas ing d ive rs ity o f the intes t ina l mic rob io ta in FM contro l d ie t fish  
was  obse rved  over  the course  o f the  exper iment  (0.9  fo r FM P M  to  0.7 fo r  FM CP C) .  
4.4.2 Changes in FM control diet  associated microbiota  
The d is ta l gut  intes t ina l mic rob io ta struc ture  o f ra inbow trout  fed with  
d iffe rent  d ie ts was examined  by DGGE o f 16S rRN A PC R products.  
Reproduc ib i lity o f PC R amplif ica t ion and DGGE was  te sted  an d Pearson 
s imila r ity coe ff ic ients  fo r  18  pa irs  o f rep l ica tes  were  at  least  95% (da ta  not  







F igure 4 .2 Rare fac t ion curves o f cpn 60 UT amplicon l ib ra r ie s o f inte s t ina l  
mic rob io ta o f fish fed  with d if fe rent  p lant- based d ie ts  (upper pane l)  and  FM 




























































F igure 4.3 Box p lo ts (med ian, quar t i le s and range va lues) o f (A) C hao 1  
r ichness and (B)  S impson' s d ive rs ity index o f intes t ina l mic rob io ta  o f f i sh fed  





F igure  4.4 DGGE fingerp r ints  o f d is ta l gut  contents o f ind iv idua l f ish fed  with  
the FM contro l diet during the course of experimen t. M indica tes marker lane.   
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F igure  4.5 DGGE fingerp r ints  o f d is ta l gut  contents o f ind iv idua l f ish fed  with  
experimenta l diets. M ind ica tes marker lane.  
M      1      2      3      4     5      6     7      8      9 M      1      2      3      4      5      6      7      8      9
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S ix rep lica tes o f the F M contro l d ie t (n = 8 fo r F M SP C and n = 9  for a ll  
othe rs ) were  ava ilab le  for  ana lys is . UP GMA ana lys is  based on the  DGGE  
pro f i le s o f fish fed the F M contro l d ie t showed c lea r c lus te r ing o f ind ividua l  
fish acco rd ing to the s ix exper imenta l rep lica tes sugges t ing the  s tructure o f 
inte s t ina l mic rob io ta assoc ia ted  with the F M contro l d ie t  changed  over  the  
course of the experiment (Figure 4.6).  
A s imila r trend was obse rved in the pyrosequenc ing data. C lus te r ing o f 
FM contro l d ie t samp les and PC A us ing the unweighted UniF rac d is tance metr ic  
ind ica ted that  F M contro l d ie t f ish a ssoc ia ted  intest ina l mic rob iota in the  F M SBM , 
FMCM  and FM SP C exper iments were more c lose ly re la ted to each o ther than they 
were  to  fish in the F MCP C , F MP M  or  F MP P C t r ia ls  (F igure  4 .7 ). Also,  F MP P C and  
FMP M  c lus te red togethe r in bo th ana lyses, re f lect ing the  tempora l re la t ionship s  










F igure 4.6  16S  rRNA gene  PC R-DGGE ana lys is  o f the  d is ta l gut  content samp les  
obta ined from fish fed with the FM contro l d ie t ove r the course o f the  
exper iment . The dend rogram was co llapsed at  the lowes t common node fo r each 
FM contro l d ie t group . The sca le ind ica tes percent s imila r ity based on Pearson 







F igure  4.7 Re la t ionship s  o f FM contro l d ie t assoc ia ted  pro fi le s  de termined  by 
cpn60 UT pyrosequenc ing.  (A)  UP GMA based c lus te r ana lys is  and  (B) pr inc ipa l 




4.4.3 Effects of  plant  ingredient  inclusion on intest inal microbiota  
As antic ipa ted, most  o f the O TU assoc ia ted with the intes t ina l mic rob io ta  
o f ra inbow trout  were  a ss igned to the Proteobac ter ia  (609 O TU) and F irmicutes  
(197 O TU).  The remain ing O TU were la rge ly Ac tinobac te r ia (96 O TU) and  
Bac te ro idetes  (22 O TU).  It  was  ob se rved  that  the r ichness and  abundance o f 
OTU var ied  from d ie t  to d ie t , but ir respect ive  o f the  d ie t  P ro teobacte r ia and  
F irmicutes were most frequently de tec ted in a ll f ish intest ina l mic rob io ta  
samp les.  The  most  p reva lent (de tec ted in >70 % o f samp les) O T U obse rved in  
intes t ina l mic rob iota a ssoc ia ted with the exper imenta l d ie ts  inc luded  bo th 
F irmicutes  and  Pro teobacter ia  (S upp lementa l Tab le  1 ).  N ine  o f the 11  most  
preva lent  F irmicutes O TU had  Weisse l la paramesent eroides  a s the ir  nea rest  
ne ighbour with 82 .5-85 .3 % identity. Preva lent P ro teobac te r ia O TU were  
identif ied as  Acidovorax  faci l is (97 .8 % identity) ,  Cit robacter f reund ii (99.5  %),  
Enterobacter  am nigenus  (99 .5  %) and  Alicycl iph ilus  dentr if icans  (90 .3  %).  O nly  
three O TU were  p reva lent  in more  than 70  %  o f the f ish intes t ina l mic rob io ta  
samp les  from the  F M contro l groups , two  o f wh ich were c la ss ified  as F irmicutes  
(84 .2-85 .3 % identica l to Weissel la param esentero ides ) and one as  
Pro teobac te r ia (100% identica l to ra inbow trout intes t ina l mic rob io ta c lone  
cn_0_10 , 89% identica l to  Shewane lla oneidens is ).  A pos it ive  co rre la t ion 
be tween the cumula t ive abundance and the p reva lence o f the O TU in fish fed  
both exper imenta l d ie ts (ρ s = 0.808,  n = 965 , p  < 0.0001 )  and F M contro l d ie ts  
(ρ s = 0.935,  n = 965, p <  0.0001) was  obse rved,  ind ica t ing some  cons is tency in  
mic rob io ta composit ion across ind iv idua l f ish (S upp lementa l Tab le  1 ).  To ta l 
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bac te r ia l counts fo r the intes t ina l contents assoc ia ted  with fish fed with the  
exper imenta l d ie ts  based  on a  16S  rRN A unive rsa l ta rge t qPC R were  8.2   109  ±  
5.7   101 0  copies per gram (data not shown).    
When sequence da ta  from ind iv idua l fish were poo led by d ie t , mic rob ia l  
pro f i le s a ssoc ia ted with the F M contro l d ie t rep l ica tes showed a  t rend o f 
inc reas ing propo rt ions o f P ro teobac te r ia over the course o f exper iment , from 65% 
o f reads in F MP M  to  92% o f reads in F MCP C (F igure 4.8 ).   Decreas ing  
F irmicutes :Pro teobacter ia  ra t ios were a lso apparent when ind ividua l f ish were  
cons ide red. The med ian rat io  o f abundance o f F irmicutes :P ro teobac te r ia in FM 






F igure 4.8  P roport iona l abundance o f bac te r ia l phyla  represented in cpn60 UT 







F igure 4.9 Box p lo ts (med ian, quar t ile s and range va lues) o f 
F irmicutes :Pro teobacter ia  rat io s  for  ind iv idua l f ish fed exper imenta l and  contro l 
d iets.  In each case , ra t ios are higher in the exper imenta l (p lant ingred ient) d ie t  







F igure 4.10 C lus te r ing o f DGGE fingerp r int  p ro fi le s  o f intes t ina l mic rob io ta o f 
ra inbow trout  a ssoc ia ted  with exper imenta l d ie t  and concurrent  contro ls.  In each 
dend rogram, the exper imenta l d ie t  p ro fi le s a re ind ica ted with b lack tr ian g les,  




S ince intes t ina l mic rob ia l pro fi le s a ssoc ia ted with the F M contro l d ie t  
rep l ica tes changed  over the  course o f the exper iment ,  a  d irect  comparison o f the  
mic rob ia l p ro f i le s assoc ia ted  with the  exper imenta l  d ie ts  was  no t reasonab le.  
Instead,  we  examined the  d if fe rences  be tween mic rob ia l pro fi le s  a ssoc ia ted  with  
the exper imenta l d ie ts and  the ir  concurrent  FM contro l group.  This  comparison 
showed a cons is tent but non-s ign if icant  t rend  o f higher  F irmicutes : 
Pro teobac te r ia ra t io s in exper imenta l d ie t p ro fi le s compared to the concurrent  
FM contro l groups (F igure 4.8 ).  Box and  wh iske r p lo ts showing the trend when 
indiv idua l fish were conside red are shown in Figure 4.9. 
Diffe rences be tween the mic rob io ta a ssoc ia ted with each exper imenta l  
d iet and its  co rrespond ing FM contro l were a lso obse rved in DGGE p ro f ile s  
(F igure  4 .10 ).  Min imum s imila r ity ind ices  be tween pro fi le s  from exper imenta l 
d iets and the ir  concurrent contro ls  ranged from a low o f 47% fo r S BM to a high  
o f 82% fo r CM. F or  each o f the  mea l-based d ie ts (S BM, PM and CM),  the  
exper imenta l d ie t-assoc ia ted  mic rob iota  was c lea r ly d is t ingu ishab le  from the  
FM contro l mic rob iota (F igure 4 .10 ).   DGGE pro fi le s assoc ia ted  with the  p ro te in  
concentra te d ie ts were genera l ly  le ss d is t inguishab le from the ir co rrespond ing  
contro l d ie t p ro f i le s (F igure 4.10) . In cases  where  the  exper imenta l o r  contro l 
d iet  p ro f ile s  fo rmed  more than one  c lus te r (SPC  and C PC,  F igure  4 .10 ),  these  
c lus te rs d id  no t co rrespond to  the  tank ass ignment o f the f ish. S BM p ro f ile s  
were the most diverse of the experimenta l diet DGGE profile s.  
Weighted UniF rac c lus te r ana lys is  and PC A o f cpn60 based  
pyrosequenc ing p ro f i le s showed s imila r re la t ionship s to the 16S rRNA DGGE 
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ana lys is . C omparison o f ind iv idua l f ish mic rob ia l p ro fi le s  a ssoc ia ted  with mea ls  
and  the  correspond ing FM contro l pro fi le s  showed a c lus ter ing based on the  d ie t  
(F igure  4.11 ). However, the mic rob io ta o f fish fed with FM contro l d ie t and the  






F igure 4.11 Pr inc ipa l co ord ina tes  ana lys is  based on we ighted UniF rac  d is tance.  
White  squares  ind ica te  fish fed  with F M contro l d ie t  and  b lack  c irc le s  ind ica te  
fish fed the experimenta l diet.  
4.5 Discussion  
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Reliance on FM as  the  p r imary prote in source  fo r aquafeeds  must  
inev itab ly dec rease, due to dec reased globa l ava i lab i l ity o f forage fish tha t a re  
the source fo r F M produc tion, and a co rrespond ing inc rease in cos t o f FM 
(Tacon, et  a l.  2008 ).  However,  the  rep lacement o f f ish mea l with use ful  
inc lus ion ra te s o f p lant ingred ients genera lly re sults in dec reased growth 
perfo rmance in ca rnivo rous f ish. O ne s tra tegy to  inc rease prote in ava ilab il ity  
and  reduce  anti- nutr it iona l proper t ie s o f p lant  ingred ients  is  to  p rocess  p lant  
mea ls to  form prote in concentra tes us ing frac t iona tion methods such as a ir  
c lass if ica t ion (PPC ) o r aqueous extrac t ion o f p ro te in (SPC and CPC) (Drew, et  
al.  2007 ). These methods may a lso  remove und iges t ib le components (non- sta rch 
po lysacchar ides ; NS P) and  antinutr it iona l fac to rs  (F ranc is , et  al . 2001 ).  
Previous  stud ies in humans  (Walker,  et  al . 2011 )  and p igs  (Binde lle,  et  a l. 2011)  
have repor ted tha t the chemica l composit ion o f the  d ie t,  pa r t icula r ly  
und iges t ib le  d ie t fract ions  such as N SP,  may s ignif icantly a ffec t the intes t ina l  
microb iome.  
The  intes t ina l mic rob io ta  p lays  c r it ica l ro les  in intes t ina l deve lopment,  
pa thogen and d iges t ion in f ish  (Gomez, et  a l.  2008 ; Merr if ie ld , et  a l . 2010 ).  
Idea lly,  any man ipula t ion o f d ie ts  to  inc rease  p lant  ingred ient  content  would  
cause  minimal d is rup tion in the struc ture o f the  mic rob iome  o r  movement away 
from the ideal microb iome associated with a gold standard , FM diet.  
Quantifying the e ffects o f d ie t change on the intes t ina l mic rob iome  is  
complic a ted by va r ia t ion in the mic rob io ta o f ind ividua l animals .  Even in  
anima l p roduc tion env ironments where gene tica l ly s imila r  animals  are rea red in  
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a common environment and consume the same d ie t, cons iderab le animal - to-
anima l var ia t ion is  cons is tent ly obser ved  (Hil l, et  a l . 2005b;  He ikk inen , et  a l.  
2006 ; Mansf ie ld ,  et  a l. 2010) . His to r ica l ly,  for economic and  logis t ica l reasons,  
poo ling o f samp les has been a common approach app lied in mic rob ia l eco logy 
stud ies.   However,  when the  abundance o f spec ific  targe ts is  de termined  in the  
samp les compris ing these poo ls, the quantity o f targe t detec ted in the poo l is  
found to  re flec t the highest  leve l o f ta rge t abundance obse rved in any  o f the  
ind ividua ls  compris ing the  poo l (Hill,  et  a l.  2005b ;  Desa i,  et  a l.  2009;  
Mansfie ld,  et  a l . 2010 ).  Even with an ‘ ‘averaging e ffect’ ’ o f poo ling, the log-
sca le  d iffe rences in ta rget  abundance be tween ind iv idua ls  lead to the abundant  
samp les mask ing the  contr ibutions  o f samp les with lower abundance. N ext -
generat ion sequenc ing methods have  la rge ly e l imina ted this  is sue, mak ing it  
poss ib le to examine suffic ient numb ers o f ind ividua l samp les to d raw more  
robus t conc lus ions  about  the  popula t ion. O ur s tudy invo lved a comparison o f 
pyrosequenc ing o f cpn60 UT amplicons  to the wide ly used 16S  rRN A DGGE 
technique  for de tec t ing d if fe rences  in the  intest ina l mic rob iome  assoc i a ted  with  
d iffe rent d ie t fo rmu la t ions. The reso lut ion and info rmation de ta il p rov ided by 
these techniques  a re  rad ica l ly d if fe rent , but  they bo th p rovided  a  s imila r  
assessment o f the degree  o f per turba t ion o f the intes t ina l mic rob iome  
precip ita ted by meal and protein concentra te ingred ients.  
Our observa t ion o f the dominance o f gamma P ro teobac te r ia and  
F irmicutes  (espec ia l ly lac t ic  ac id  bac te r ia ) in the  trout d is ta l inte s t ine  is  
cons is tent with p revious  s tud ies based on bo th culture -based and cult ure-
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independ ent app roaches (Spanggaard , et  a l . 2000 ; Huber,  et  a l. 2004 ; K im,  et  a l.  
2007 ;  Navarrete ,  et  a l.  2010 ).  Although these  phy la  were  dominant  rega rd less o f 
the d ie t,  cons is tent,  non- s ign if icant  trends were observed  in d iffe rences in the ir  
propo rt ions  in mic rob ia l pro fi le s assoc ia ted  with e xper imenta l d ie ts and contro ls . 
The p lant  ingred ient  d ie ts  were  a ssoc ia ted  with higher  F irmicutes :P ro teobac te r ia  
ra t io s and correspond ing ly higher overa l l r ichness and d ive rs ity (F igure 4 .8 and  
F igure  4.3) . Lac t ic  ac id  bac te r ia  are preva lent  const ituents  o f the  intes t ina l  
mic rob iome  o f many fish spec ies  (C a i,  et  a l.  1998 ;  Ringo ,  et  a l.  1998;  Ringo ,  et  
al.  2001 ; Hagi,  et  al . 2004)  and are genera lly cons ide red as  benef ic ia l organis ms 
assoc ia ted  with a  hea lthy intest ina l ep ithe l ium (Dimitroglou ,  et  a l. 2009) . Lac t ic  
ac id  bac te r ia  have  a lso  been shown to  inc rease  the d igest ib i l ity o f soybean 
based d ie ts (Burr, et  a l. 2008; Sa lze , et  a l. 2008) and a re prob io t ic cand idates  
(Ca i, et  al . 1998 ). It seems somewhat counte r intu it ive tha t an inc rease in  
"benef ic ia l" taxa should  be  observed  under cond it ions  thought  to  be  
d isadvantageous to f ish hea lth and  growth.  However, our view o f the organis ms 
present  is  res tr ic ted to  targe t genes that  p rovide phylogene tic  info rmation only,  
not  pheno typ ic cha rac te r iza t ion and it  is  we ll e stab l ished  tha t s ign ificant  
pheno typ ic  var ia t ion occurs  within de f ined "spec ies" o f p rokaryo tes  (P erna , et  
al.  2001 ;  Vermette ,  et  a l.  2010 ).  In a p revious  s tudy comparing FM and S BM 
d iets,  we  observed s imila r ly grea te r  abundance  o f F irmicutes  in the  S BM fish  
compared to  FM and this  was assoc ia ted with inc reased de tec t ion o f 
inflammato ry markers PCNA and IgM (Mansfie ld, et  al. 2010). 
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The  obse rvat ion tha t  the  mea l d ie ts  cons is tent ly p roduced  a  mic rob ia l  
pro f i le more d ive rgent from FM than the co rrespond ing p ro te in concentra te  
ingred ient  d ie ts was  conf ir med  by two  d iffe rent targe t genes (16S rRN A and  
cpn60)  and  two  d iffe rent  techniques (PC R- DGGE and  amp licon pyrosequenc ing) .  
The phenomenon was most dramatic  for  the  S BM and  S PC d ie ts.   DGGE p ro f ile s  
fo r S BM and  FM SBM  shared  a min imum s imila r ity o f approximate ly 40% whereas  
the SPC d ie t p roduced p ro f i le s tha t were no t comple te ly d is t ingu ishab le from 
the F M contro l, and sha red a  d ramatica lly higher min imum s imila r ity o f >70% 
(F igure  4.10 ).   This  d iffe rence  was  a lso obvious  in the cpn60 UT sequence bas ed  
mic rob ia l pro fi le s.  In the pr inc ipa l coo rd ina tes ana lys is , the fish fed the S BM 
d iet  fo rm a  b road  but  d is t inc t c lus ter  separa ted  from the FM SBM  f ish whereas  the  
SPC d ie t  p ro fi le s  a re  inte rming led  w ith the F M SP C p ro f i le s (F igure  4 .11 ).  
Soybean mea l has been s tud ied extens ive ly as  a rep lacement for  fish mea l but its  
use  has been l imited by assoc ia t ions with intes t ina l inf lammation and ep ithe l ia l  
damage in sa lmonids  a t  high inc lus ion ra te s  (K rogdahl,  et  al . 2003 ; He ikk inen ,  
et  a l.  2006 ;  Bakke-McK ellep,  et  a l.  2007 ).  P rocess ing o f S BM by hea t  trea tment , 
aqueous or  so lvent  extrac t ion and  frac t iona tion to  p roduce SPC reduces the ant i-
nutr it iona l components o f the ingred ie nt and inc reases the ava i lab il ity o f 
pro te ins and  pa la tab i l ity  (Anderson , et  a l . 1995 ). O ur re sults sugges t that  
process ing o f S BM a lso  min imizes pe rturba t ion o f the  intest ina l mic rob iome.  
The d if fe rences  be tween mea l and prote in concentrate fo r pea and  cano la - based  
d iets were sub tle r but s t il l cons is tent , ind icat ing tha t pur if ied p lant p ro te ins can 
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be  used  in fish d ie ts  a t  a  30% inc lus ion ra te  to  suppo rt  an intest ina l mic rob iome  
less divergent from an ideal FM diet. 
Anothe r s ign if icant  find ing in th is  s tudy was  the  observed  changes in the  
FM contro l d ie t-a ssoc ia ted mic rob iome.   FM d ie t  mic rob ia l p ro f ile s  de te rmined  
by bo th 16S rRN A DGGE (F igure 4 .6 ) and cpn60 amp licon sequenc ing (F igure  
4.7 ) c lea r ly c lus tered  acco rd ing to  when the d ie ts  were  fed  dur ing the  tr ia l  
(F igure  4 .1 ).  C hanges  tha t  contr ibuted  to  th is  c lus te r ing inc luded reduced  
d ive rs ity,  r ichness and a gradua l decrease in the F irmicutes :P ro teobac te r ia ra t io  
over the 12 month course  the tr ia l.  There have be en few s tud ies o f long- te rm 
changes in the intes t ina l mic rob iome  o f aquaculture  fish  (Ho lben,  et  al . 2002;  
Hagi,  et  a l . 2004 ). A sho r t- term trans it ion in the mic rob iome s truc ture might  be  
ant ic ipa ted as  a  result  o f transfer  o f these f ish from the  lake pen env ironment 
where they would  have  access to  a va r ie ty o f food sources in add it ion to  
commerc ia l feed,  to the rec ircu la t ing aquaculture fac il ity.  A comparison o f 
"recently caught " and domestica ted  zeb ra  fish sugges ts  tha t  the  d if fe rences  
would  la rge ly cons is t  o f a change in re la t ive  abundances o f cons t ituents o f a  
core mic rob iome  for this  spec ies (Roese le rs, et  al . 2011 ). However , the longer  
te rm changes we  obse rved were somewhat surp r is ing and sugges t tha t fac to rs  
such as s tress, age , deve lopmenta l s tage and the se lec t ive p ressure o f the  
ma intenance d ie t continue to a ffec t the mic rob iome  over the long term.   
Obvious ly, this  type o f long- te rm mic rob ia l success io n should  be a cr it ica l 
cons ide ra t ion in exper imenta l des ign when eva lua t ing d ie ts and ingred ients.  It  
a lso  has  imp lica t ions  for  indus try s tra teg ies such as the  shift  o f ca rnivo rous  fish  
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to  a  fish mea l d ie t  sho rt ly be fo re  ha rves t  in o rde r  to improve  tas te and  
nutr it iona l quality according to consumer preference  (Powell. 2003). 
Our obse rva t ions  support  the  hypo thes is  that  changes to  the  s tructure o f 
the intes t ina l mic rob iome are a t leas t pa rt ia l ly respons ib le fo r the nega tive  
impac ts  o f p lant  p ro te in mea l ingred ients  incorpo ra ted a t high inc lus ion ra te s  on 
fish growth and hea lth.   Taken togethe r,  our  da ta show tha t the use o f the  
pro te in concentra te  forms  o f these ingred ients reduces  the  impac t o f the  
ingred ients  on intes t ina l mic rob iome  s truc ture .  The  knowledge  ga thered  from 
this  s tudy is  not  jus t re levant to sa lmonids , but  wil l a lso be use fu l for  o ther  




Chapte r 5 Application of quantitative real-time PCR fo r validation 
of metagenomic seque ncing libra ries and investigation of the 
reproducibility o f plant ingre die nt effects on the rainbow tro ut  
intestinal microbiome.                                                                             
                                                                                                        
Chap te r 5 is  a  pa r t o f a  mult i-d isc ip l ina ry, co llabo rat ive  s tudy. Die t  
fo rmu la t ions descr ibed  in Tab le 5.1 were done by S tephanie  Co ll ins . All o ther  









High throughput  pyrosequenc ing o f amp licon l ib ra r ie s has become a  
common technique  fo r cha racte r isa t ion o f the intes t ina l mic rob io ta  o f animals .  
However, the degree to which this  techn ique is quantita t ive  has not been wide ly  
inves t iga ted .  Th is chap te r desc r ibes the use  o f quantita t ive  rea l - t ime  PC R 
(qRT-PC R) based on the cpn60 gene for va l ida t ion o f pyrosequenc ing data from 
the intest ina l mic rob iome  o f ra inbow tr out (Onchorhynchus m yk iss ) fed  with  
d iffe rent p lant  ingred ient based d ie ts.  qRT-PC R and 16S rRNA dena tur ing  
grad ient  ge l e lec trophores is  (DGGE) were  a lso  app lied  in an inves t iga t ion o f the  
rep roduc ib il ity o f previous ly obse rved e ffects o f p lant ingred ients  on the  
struc ture  o f the t rout  d is ta l gut  mic rob iome .  Target  copy numbers  de tec ted  by 
qRT-PC R were not genera l ly cons is tent with numbers o f sequence reads  
de tec ted in cpn60 amp licon l ib ra r ie s genera ted from the same samp les.  
F ur thermore, a lthough DGGE ana lys is  o f ind ividua l f ish conf ir med  tha t  p lant  
ingred ients were reproduc ib ly assoc ia ted with a change in the overa ll s truc ture  
o f the d is ta l gut  mic rob iome  re la t ive  to a fish mea l d ie t contro l, the na ture o f 
the change  was no t cons is tent  in terms  o f the  abun dance  o f ind ividua l spec ies  
ta rgeted by qRT-PC R.  The results o f this s tudy demonstra te tha t who le  
micob iome pro fi l ing techn iques  may be more app rop r ia te for  eva lua t ing d ie t  
e ffects  on the  intest ina l mic rob iome , rathe r  than the  ta rge t ing o f a  se lec t ion o f 




There is  an inc reas ing inte rest  in inc lus ion o f p lant  ingred ients  to rep lace  
fishmea l from aquaculture  feeds  (Mundhe im,  et  a l.  2004 ; Thiessen ,  et  al . 2004;  
He ikk inen,  et  a l.  2006 ; O lsen , et  al . 2007;  Mansfie ld ,  et  a l.  2010 ).   Soybean,  
cano la and pea are some o f the p lant ingred ients that have been used previous ly  
in manufac tur ing aqua- feeds . Obse rved e ffec ts  o f feed ing these  p lant -based d ie ts  
to f ish, e spec ia l ly ca rnivo rous f ish, inc lude va r ied leve ls  o f inf la mmation,  
reduced  growth and  grea ter  susceptib i l ity to d iseases (K rogdahl,  et  a l.  2000;  
Nord rum,  et  a l . 2000 ). A po tentia l concern with these conc lus ions is  tha t they 
are based on s ing le feed ing tr ia ls  conduc ted  over  sho rt pe r iods o f t ime.  
Var iab il ity in exper imenta l pa rameters from s tudy to s tudy la rge ly prevents  
d irect  comparison o f resu lts,  a lthough the re is  some evidence from meta -
ana lyses o f re la ted s tud ies that some ingred ients have cons is tent e ffec ts on 
growth (S.  Co ll ins  & M. Drew,  unpub lished ).  However,  the re  a re  no  s tud ies in  
the l ite ra ture add ress ing the  reproduc ib i lit y o f the  e ffec ts o f a  p lant  based  d ie t  
on the s truc ture  o f the  intest ina l mic rob iome.  There  a re  few long te rm s tud ies o f 
the changes tak ing p lace in the intes t ina l mic rob iota (Ho lben, et  a l . 2002 ; Hagi,  
et  a l. 2004) , but the re is  a  c lear  need to eva lua te if p lant  ingred ient  based d ie ts  
have a  rep roduc ib le  e ffec ts  on the  s truc t ure o f inte s t ina l mic rob io ta  if the  
eva lua t ion o f the  intes t ina l mic rob iome  is  ever  go ing to  be  use fu l a s a  too l fo r  
evalua t ion of diets.  
Over  the past  30 years the intest ina l mic rob io ta o f d iffe rent f ish spec ies  
have been stud ied us ing culture  based  techn iques , and  the  resu lts o f these  
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stud ies sugges ted  tha t the f ish intes t ina l mic rob iome is  not  a  pa r t icula r ly d ive rse  
commun ity,  re la t ive to the  intes t ina l mic rob iomes o f ter res tr ia l animals  (Cahil l.  
1990 ;  Ringo ,  et  a l.  1995 ).  Recently,  culture  independent  PC R based  techn iques  
have been app lied to cha rac te r ise the intest ina l mic rob io ta o f d iffe rent fish  
spec ies, lead ing to an inc reased app rec ia t ion o f the  t rue d ive rs ity o f this  
environment (S panggaard ,  et  al . 2000 ; Ho lben ,  et  a l.  2002 ;  Huber,  et  a l.  2004;  
K im, et  a l. 2007;  Namba , et  a l. 2007) . The advantages o f these me thods for  the  
cha rac te r isa t ion o f bacte r ia l commun it ie s  from so il,  wa te r,  and aqua tic surfaces  
have been d iscussed  in severa l recent  reviews  (C unliffe ,  et  a l.  2011 ;  Er ijman ,  et  
al. 2011; Maron, et  al. 2011).  
The cpn60 unive rsa l ta rge t (UT) has been emp loyed in cha racter is ing  
mic rob ia l communit ie s a ssoc ia ted with humans and othe r te r restr ia l animals  
(Hil l, et  a l. 2005a ; Hil l,  et  a l.  2005b ; Dumonceaux , et  a l. 2006a ; Desa i,  et  a l.  
2009 ),  and  it  has been demonstra ted  tha t  the  cpn60  UT o ffe rs  grea ter  
d isc r imina ting power  for  c lo se ly re la ted spec ies compared to  the  16S rRNA gene  
(Hil l, et  al . 2004) .  Techno logica l advances in pyrosequenc ing have  fac i l ita ted  
rap id charac te r isa t ion o f mic rob ia l environments , beyond wha t is poss ib le  with  
c loning and  S anger  sequenc ing (Sog in,  et  a l.  2006) , and  these me thods  have  
been used in combina tion with the cpn60 UT to crea te h igh reso lut ion p ro f ile s  
o f mic rob ia l communit ie s (Sche llenberg , et  al . 2011a; Sche llenberg, et  a l.  
2011b).  
In a recent s tudy we used cpn60 UT based  pyrosequenc ing to cha racter ise  
the intest ina l mic rob iome  o f ra inbow trout  fed with d if fe rent p lant ingred ient  
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based  d ie ts . The  a im o f this  s tudy was  to compare the intes t ina l mic rob iome  
struc ture  a ssoc ia ted  with p lant  based  d ie ts  to  that  assoc ia ted  with a  fish  mea l 
contro l d ie t  (Desa i e t a l. S ubmitted,  C hap te r  4 ).  O ur re sults demonstra ted that  
mic rob iome  s tructures  a ssoc ia ted with p lant  ingred ients  and fish mea l were  
d ist ingu ishab le  and tha t the d if fe rence be tween them was  smalle r  when the  p lant  
ingred ients were  p rocessed from mea l to prote in concentra te.  Although the  
re sults o f this  work  were s ign ificant  in demonstrat ing the  po tentia l advantages  
o f p rocess ing p lant  ingred ients to reduce d is turbance o f the intes t ina l  
mic rob iome ,  important ques t ions remain about the rep roduc ib i lit y o f the  
observed  p lant  ingred ient  e ffec ts  on the  s truc ture o f the  t rout  inte s t ina l  
mic rob iome ,  and the  extent  to which cpn60 amp licon pyrosequenc ing lib ra r ies  
reflec t the actua l abundance of bacteria l taxa in the intes t ina l microb iome .    
P yrosequenc ing o f PC R amplicons fo r  mic rob ia l commun ity pro fi l ing has  
many po tentia l b ia ses tha t can a ffec t re sults  inte rp re tat ion and  downstream 
ana lys is . Genomic  DN A e xtrac t ion method, PC R cond it ions , and  p r imer  
se lect ion can a ll a ffec t the extent  to which the re sult ing l ib ra ry o f sequences  
re f lec ts the ac tua l composit ion o f the or ig ina l mic rob ia l commun ity samp le,  
both in terms  o f the  spec ies represented  and the ir  re la t ive  abundance.  I t  has  
been shown that  bac te r ia l sequence  frequency can vary over  o rde rs o f magnit ude  
in a pyrosequenc ing lib ra ry even though equa l numbers  o f these bac ter ia  were  
known to  be  p resent  in the  or ig ina l samp le  (Amend,  et  al .  2010 ).  Desp ite  the  
wide use o f pyrosequenc ing, stud ies like this  one a re ra re .  I f conc lus ions  
rega rd ing the b io logy or eco logy o f a mic rob ia l community o r the identif ica t ion 
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of d iagnos t ic  targe ts a re to be based on pyrosequenc ing o f me tagenomic  
l ib ra r ies ,  it  is  c r it ica l to  va lida te  the  f ind ings  with t ruly quantita t ive  me thods  
such as qRT-PCR. 
 We pred ic t that the e ffects o f p lant  ingred ient based d ie ts on the  
intes t ina l mic rob iome  a re rep roduc ib le  s ince  changes in s truc ture a re de te rmin ed  
by the  nutr it iona l se lec t ion imposed on the  mic rob io ta  by the  pa r t icula r  
ingred ients in each d ie t. The a im o f this  s tudy was to identify sequence markers  
assoc ia ted  with the p lant  based  d ie ts in our  o r ig ina l t r ia l ( Tr ia l-1 )  and to  
compare  the  abundance o f these  sequences and the overa l l inte s t ina l  
mic rob iomes  o f fish from Tria l-1  to those  o f f ish fed  with same d ie ts  in a second  
tr ia l (Tr ia l-2 ).  The comparison was  based on bo th the  abundance  o f seven 
se lected bacter ia l targe ts in poo led intes t ina l content s o f fish de te rmined by 





5.3 Material and methods: 
5.3.1 Fish husbandry 
Tria l- 1 was conduc ted a t the Pra ir ie Aquaculture Resea rch Centre  
(Unive rs ity o f S aska tchewan,  Saskatoon,  SK ), a b io log ica lly fi lte red semi-
c losed rec ircula t ing aquaculture  system. Th is  tr ia l extended  over a pe r iod  o f one  
year and is described in detail in the previous chapter.  
Tr ia l- 2 was conducted in the  same fac il ity a s Tr ia l- 1. Tr ip lo id  female  
ra inbow tro ut (Oncorhynchus myk iss) were acquired from Wild  West S tee lhead  
(Lucky Lake, SK ).  F ish and d ie ts were  randomly ass igned to 12 tanks (20 fish /  
tank ; ave rage  we ight  =  270.1g)  with three tanks /  t rea tment.  F ish were housed in  
360 L tanks with wa te r tempera ture ad jus ted at 15 ± 1 °C and the pho toper iod  
was 14 h l ight: 10 h da rk . Wate r qua lity ind ica to rs were c lo se ly mon ito red  over  
the course o f the  exper iment . F ish were acc lima tized  to the fa rm environment by 
hous ing them fo r two  weeks  be fo re tr ia l on a  commer c ia l fishmea l based  d ie t.  
All ins truc t ions and  guide lines se t by the C anad ian C ounc il o f Anima l Care  
(CC AC, 2005 ) were fo llowed throughout  the  exper imenta l t r ia l (Unive rs ity  
Committee on Animal Care and Supply Protocol 19980142).  
5.3.2 Diets 
All f ish rea red  dur ing Tr ia l- 1 and Tria l-2  was  hand- fed  to  sa t ie ty twice  
da ily with d ie ts formula ted us ing d iffe rent p lant ingred ients (soybean, pea and  
cano la)  to  rep lace  f ishmea l.  Die t  formu la t ion fo r  Tr ia l- 1 and  Tria l-2  a re  shown 
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in Tab le  5.1  and Tab le  5 .2 re spec t ive ly.  Exper imenta l d ie ts  were  formu la ted  by 
rep lac ing 30% o f f ishmea l from the contro l d ie t with the  p lant  ingred ient.  All  
d iets were formu la ted to mee t the nutr ient  requirements o f ra inbow trout . Two  
d iffe rent sources o f f ishmea l were used dur ing Tr ia l -1 to  fu lf i l l the  adequa te  




Table  5.1 Ingredient composit ion of experimenta l die ts .  
 
In gredien t  (g/k g)  FM *  PM  PPC SBM  FM %  SPC CM  CPC 
P ea m eal
a
 0.00 300.00 0.00 0.00 0.00 0.00 0.00 0.00 
P ea p ro t ein  co n cen t r at e
b
 0.00 0.00 300.00 0.00 0.00 0.00 0.00 0.00 
So y bean  m eal
c
 0.00 0.00 0.00 300.00 0.00 0.00 0.00 0.00 
So y  p ro t ein  co n cen t r ate
d
 0.00 0.00 0.00 0.00 0.00 300.00 0.00 0.00 
Can o la m eal
e
 0.00 0.00 0.00 0.00 0.00 0.00 300.00 0.00 
Can o la p ro t ein 
co n cen t r at e
f
 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 300.00 
No v a Sco t ia  f ish  m eal
g
 390.00 387.10 275.41 299.64 0.00 0.00 0.00 0.00 
W est  co ast  f ish  m eal
h
 0.00 0.00 0.00 0.00 400.00 217.17 452.80 407.83 
Meat  an d bo n e m eal
i
 224.80 0.00 56.24 45.83 304.00 89.63 0.00 0.00 
Fish  o il
j
 141.34 156.31 122.03 146.54 120.50 169.86 83.60 74.28 
Alp h a-cellulo se
k
 117.94 0.00 67.63 90.19 57.80 103.33 44.20 95.84 
W h eat  f lo ur
l
 100.00 47.56 100.00 100.00 100.00 100.00 100.00 100.00 
Co rn  glut en  m eal  11.16 95.04 62.70 2.63 4.75 0.00 0.00 0.00 
Vit am in  p rem ix
m
 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 
Min eral p rem ix
n
 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 
Ch o lin e ch lo r ide
o
 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
DL-Met h io n in e
p
 0.75 0.00 2.00 1.17 1.80 3.02 0.20 1.42 
L-Ly sin e
q
 0.00 0.00 0.00 0.00 1.90 2.99 5.20 6.63 
Vit am in  C
r
 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
 
*
FM diet fed as  control  with PM, PPC and S BM.  
%
FM diet fed as  control  with S PC, CM and CPC.  
a
 Yel low field pea, CDC Mozart ; Crop Developme n t Centre, S as k atoon, S K, Canada.  
b
 P e a  pr ot ein  c onc en t r at e,  yel l ow f iel d pe a , pr es tige  pr otei n ; P arr he i m Foods ,  S as k at oon,  
S K, Canada. 
c
 S oybean meal; Federate d Cooper ati ves  Limite d, S as k atoon, S K, Canada.  
d
 S oyc omil ®  K;  ADM S peci al t y  Ing re die nts  ( Eu r ope)  B V,  Koog  aan  de  Zaan,  The  
Netherlan ds . 
e
 Canola Meal -35; Federate d Co-Oper ati ve Ltd., S as k atoon , S K, Canada.  
f
 Can Pro IP; CanPro Ingredie n ts  Ltd., S as k atoon, S K, Canada.  
g
 Nova S cotia herring  meal; S hur -Gain Aquac ult ur e, Truro, NS , Canada.  
h
 Wes t Coas t Fis h Meal; Federate d Co-Oper ati ve Ltd., S as k atoon, S K, Canada.  
i
 S as k atoon Proces s ing  Co.; S as k atoon Proces s ing  Co., S as k atoon, S K. Canada.  
j
 Danis h Fis h Oi l ; FF of Denmark , S k agen, Denmark . 
k
 S olk a-floc®, 200  FCC; Intern ati on al  fiber corporati on , North Tonawan d a, NY, US A.  
l
 Robin  Hood Al l - Pu r pos e Fl our ; Robi n Hood Mu l ti f oods  Cor por ati on , Mark h am, O N,  
Canada. 
m
 DL-me thi oni ne , feed grade. Degus s a Corpor ati on , Theodore , AL, US A.  
n
 Vi t amin  pr e mi x ,  c ommer ci al  ( EW OS  FIS H -S TR VIT P X,  S urr e y,  B C;  cl os e d 
f or mul ati on ),  f or mul ate d t o  mee t t he  re qu ire me n ts  of  j u ve ni le  r ai n bow t r out ;  B AS F 
Canada, S urrey, BC, Canada.  
o
 60%  Chol ine Chloride ; Chinook  Group Limited Partners hi p, S ombra, ON, Can ada. 
p
 DL-met hi oni ne , feed grade. Degus s a Corpor ati on , Theodore , AL, US A.  
q
 L-Lys ine, monoh ydr oc hl ori de ; Ajinomot o Heartlan d LLC, Eddyvi l le , IA, US A.  
r




Table  5.2 Ingredient composit ion of experimenta l die ts  for Trial-2. 
 









    
0.00 




 0.00 0.00 260.00 0.00 
Canola meal
c
 0.00 0.00 0.00 260.00 
Fis h  meal
d
 614.14 466.39 395.91 458.27 
Diatomaceous  earth
e
 180.86 0.00 119.19 93.80 
Fis h  o il
f
 119.55 144.66 136.46 101.82 
W heat  flour
g
 47.00 47.00 47.00 47.00 
Porcine b lood  p las ma
h
 20.00 63.12 20.00 20.00 
Vitamin  premix
i
 4.75 4.75 4.75 4.75 
Mineral p remix
j
 4.75 4.75 4.75 4.75 
Choline ch loride
k
 4.00 4.00 4.00 4.00 
L-lys ine
l
 3.23 2.13 4.07 4.51 
L-Meth ion ine
m
 1.22 2.71 2.36 0.61 
Vitamin  C
n
 0.50 0.50 0.50 0.50 
a  
Yellow field pea, CDC Mozart ; Crop Developme nt Centre, S as k atoon, S K, Canada.  
b
 S oybean meal; Federate d Cooper ati ves  Limite d, S as k atoon, S K, Canada.  
e
 Canola Meal -35; Federate d Co-Oper ati ve Ltd., S as k atoon , S K, Canada.  
d
 Wes t Coas t Fis h Meal; Federate d Co-Oper ati ve Ltd., S as k atoon, S K, Canada.  
e
 Cel i te 545 , <125 μm; Cel i te Corpor ati on , World Minerals  Co., Lompoc, CA, US A.  
f
 Mixed S pecies  Fis h Oi l ; Biorig inal  Food and S cience Corp., S as k atoon, S K, Canada.  
g
 Robi n  Hoo d Al l -P ur pos e  Fl our ;  Robin  Hoo d Mu lt i f oods  Cor por ati on ,  Mark h am,  O N,  
Canada. 
h
 S as k atoon Proces s ing  Co.; S as k atoon Proces s ing  Co., S as k atoon, S K. Canada.  
i
 Vi t ami n  pre mi x,  c ommerci a l  ( EW OS  fis h  fee d vi t amin  pr e mi x;  cl os e d f or mul ati on ),  
f or mul ate d t o  me et  th e re qu ire me n ts  of  ju ve ni l e r ai n bo w tr ou t ; B AS F Can ada, S urr e y,  
BC, Canada. 
j
 Mi ne r al  pre mi x ,  c omme rci al  ( EW OS  fis h  f ee d m i ner al  pr e mi x;  cl os e d f or mul ati on ),  
f or mul ate d t o  me et  th e re qu ire me n ts  of  ju ve ni l e r ai n bo w tr ou t ; B AS F Can ada, S urr e y,  
BC, Canada. 
k
 60%  Chol ine Chloride ; Chinook  Grou p Limite d Partners hi p, S ombra, ON, Canada.  
l
 L-lys ine HCL 788  g /k g; Archer Daniels  Midlan d Compan y, Decatur, IL, US A.  
m
 DL-me thi oni ne , feed grade. Degus s a Corpor ati on , Theodore , AL, US A.  
n





5.3.3 Sample collect ion and DNA ex tract ion  
At the end  o f the feed ing pe r iod  o f 56 days fo r Tr ia l -1  and 39 days  for  
Tr ia l- 2, nine f ish from the exper imenta l d ie t group and nine  fish from the  
contro l group  were  se lected  randomly and  euthanized ( three f ish from each o f 
three tanks fo r each d ie t group ). Dis ta l gut  contents were co llec ted as descr ibed  
ea r lie r  (Mansf ie ld ,  et  a l. 2010) . Br ie fly, the gastro intes t ina l trac t was  d issec ted  
and the d is ta l gut contents were squeezed out  into a s te r ile  tube and he ld  on ice  
pr io r to  storage at  -80  °C unti l DN A extrac t ion. Tota l genomic  DN A was  
extrac ted from the d is ta l gut contents o f ind iv idua l f ish us ing the QIAamp ®  
DNA Stool Mini Kit (Qiagen Inc., Mississauga, ON).  
5.3.4 Quantitat ive real-t ime PCR 
Targe ts fo r qRT-PC R were se lec ted based on the bas is o f an observed  
s ign if icant  d iffe rence  in the  p ropo rt iona l sequence  abundance be tween the  
exper imenta l d ie t f ish o r the ir co rrespond ing FM-contro l fish.  Bac ter ia l  
sequence frequenc ies were combined based on the ir  nea rest ne ighbour in cpnDB 
to fo rm opera t iona l taxonomic units  (O TU). S ign ificant d if fe ren ces in O TU 
abundance  where detec ted us ing Levene’s tes t to  de termine  the  equa lity o f 
var iance fo l lowed  by Mann- Whitney U  tes t  ( fo r  unequa l va r iance ) us ing SPSS  
so ftware (SP SS Inc.  C hicago , IL,  US A).  C ut-o ff fo r  s tat is t ica l s ignif icance was  
p<0.05.  S pec if ic  qRT-PC R p r imers  based  on cpn60  UT sequences  for  seven 




Spec if ic ity o f the  p r imers  was eva lua ted in it ia l ly by comparing the  p r imer  
sequences to the Genbank sequence da tabase and cpnDB (Hill,  et  al . 2004 ).  
Pr imer  sequences,  annea ling temperatures , produc t s iz es  a re  shown a long with  
ta rget  descr ip t ions  in Tab le  5. 3. Generat ion o f PC R product  for  c lon ing to crea te  
pos it ive  contro l p lasmids  was pe rfo rmed  on poo led genomic  DNA from a ll fish  
in a d ie t group from Tria l- 1 where the ta rget o f inte res t was de tec ted in re la t ive  
abundance  by pyrosequenc ing ( i. e . a temp la te  poo l most  l ike ly to  yie ld  p roduct  
fo r c loning) . PC R p roduc ts were amp lif ied  us ing p r imers  spec if ic  for  each ta rget  
as  shown in Tab le  5. 3.  PC R reac t ions  cons is ted  o f 1×  PC R reac t ion buffe r  
(20mM Tris- HC l (pH 8.4 ),  50mM KC l),  2.5  mM MgC l2 , 200  μ M dN TP s,  400 nM 
of forward and reve rse  p r imer , 2.5  U P la t inum Taq DN A po lymerase  ( Invitrogen, 
Burlington, ON , Canada) and  2μ l temp la te DN A,  in a fina l vo lume  o f 50 μ l.  
Twelve  PC R react ions  were run fo r  each ta rget  u s ing a  BioRad  MyiQ  
thermocyc ler . C yc ling pa ramete rs were se t a t 94  °C fo r 3 min, fo l lowed by 40  
cyc les o f 30  s ec  a t 94 °C,  1 min 55  – 67  °C  annea ling grad ient  and 30 sec at  
72 °C, fo l lowed by f ina l extens ion fo r 10  min .  PC R produc ts were poo led  
toge the r and ge l pur ified . PC R p roduc ts  were l iga ted  into c loning vec to r pGEM 
T Easy (Promega Co .,  Mad ison,  WI) and  inse rts were sequenced  for  
conf irma tion o f the correc t inse r t. Op tima l annea ling temperatures  for a l l the  
qRT-PC R assays were de te rmined by running an annea ling tempera ture grad ient  
PCR on the genera ted p lasmid s tandards rep resenting each ta rge t. All PC R were  
perfo rmed on MyiQ the rmocyc le r  (BioRad) as desc r ibed above.  All the targe ts  
were  sub jec ted  to a d issoc ia t ion c urve ana lys is  a fte r  the PC R run. Q uantif ica t ion 
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of the  ta rge ts  in ind ividua l poo led samp les  was  accomplis hed  through the  use  o f 
a s tandard curve de r ived from a ten fo ld  d ilut ion se r ie s o f p lasmid  DNA 
conta in ing cpn60 sequence from each ta rge t (10 1-108  cop ies per  




Table  5.3 qRT-PCR assays  for quantifica t ion of bacteria.  
 
T arget  Nearest  n eigh bo ur  in  cp n DB P r im er  sequen ce (5 ’ -3 ’ )  An n ealin g t em p  ( °C)  Am p lico n  size  (bp )  
FIR-1  Ha fn ia  a lva e  GT T CGAT CGT GGCT ACCT GT  
AGT GGT T T GCCT GCT T T AGCA  
6 7  1 5 8  
     
FIR-2  Weissella  p a ra m esen tero id es  GT GT GCGT CGT GGT AT CGAAT T  
CAACT CACCAACT T CT GGGT T A  
 
6 4  1 3 7  
     
FIR-3  La cto co ccu s g a rviea e  AAAGAGT T GT CT AT T CCT GT AT  
AT T GCAT ACCT T CCACAACT TC 
 
6 1  1 8 7  
     
P R0 -1  Ra o u ltella  terrig en a  GT T GCT GCT GT T GAAGAGCT  
T CACGCCT T CT T TACCGACT  
 
6 7  1 5 3  
     
P RO-2  Acid o vo ra x fa cilis  CCAACT CT GACGAAACCAT CGG 
AAGT AGGGCGACA GGT AGCC 
 
6 7  1 5 6  
     
P RO-3  S h ewa n ella  o n eid en sis  AGAAACT GGCAGC GT T GAAT  
T AAT GGCT T ACCGGT T T TAGCC 
 
5 5  1 2 0  
     
P RO-4  En tero b a cter a m n ig en u s  AAGGT CT GAAAGCGGT CGCT GC 
CGGT ACGGACA GGGT T T T CAGC 






Equa l vo lumes  o f genomic  DN A extrac ts from the  intes t ina l contents o f 
fish fed  with the  same d ie t were poo led to  form one  temp la te DN A poo l,  
re sult ing in twe lve  d ie t  group  temp la tes  from Tria l-1  (PM,  FMP M ,  PPC,  F MP P C, 
SBM, FM SBM , SPC,  FM SP C , C M, F MCM , CPC , F MCP C) , and  four temp la te poo ls  
from Tria l- 2,  three  rep resenting exper imenta l d ie ts  and one representing the  
FM-contro l group. 
Quantita t ive  PC R reac t ions fo r  detec t ion o f spec if ic  ta rge ts  inc luded  1×  
SYBR Green S upermix (Bio rad Labora to r ies , Miss issauga ,  ON),  400  nM o f each 
pr imer (Tab le  5 .3 ),  and 2 μ l o f temp la te  DN A extrac t  in a  fina l vo lume  o f 25 μ l.  
Cycling paramete rs  were  se t  a t  95  °C  for  3  min,  fo llowed  by 40  cyc les  o f 10  sec  
at  95  °C, 30  s ec a t the app ropr ia te annea ling tempera ture (Tab le  5.3) , and  30  s ec  
at  72  °C,  fo llowed  by a  d issoc ia t ion curve  s tepp ing from 65  °C  to  95  °C in  
0.5 °C inc rements.  Reac tions were run in dup lica te on a  Bio rad  MyiQ  
thermocyc ler  (Bio rad  Labo ra tor ie s,  Miss issauga,  ON ).  Nega tive  (no  temp la te)  
contro ls were inc luded with each assay. Determina tion o f targe t copy number  
was  based on a  s tandard curve genera ted from a tenfo ld  d i lut ion se r ies  o f the  
app rop r ia te targe t sequence p lasmid . In cases where bo th dup licates gave a  
cons is tent  C t  grea te r than the  lowes t  s tandard  and  p roduc t  was conf irmed  by 
appearance  o f the app rop r ia te  peak  in the d issoc ia t ion curve,  the  samp le was  
declared to be detectab le, but not quantif iab le (DNQ).  
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5.3.5 16S rRNA PCR-DGGE and cluster analysis  
PCR was  perfo rmed with unive rsa l p r imers  F -968-GC and R-1401 f la nk ing  
the V6-V8  region o f the  16S rRN A gene  (N ube l, et  al .  1996 ) as  descr ibed  
prev ious ly (Kons tantinov , et  a l.  2003 ). PC R amplicon separat ion was  done on an 
8% po lyacryla mid e ge l with a grad ient o f 45-60% urea as desc r ibed previous ly  
(Janczyk , et  a l.  2007 ). Marker lanes conta in ing s ize  s tandards  were  run in the  
oute rmost lanes o f each ge l. DN A s ize s tandards were composed  o f 16S rRNA 
V6- V8 PC R p roducts o f bac te r ia l iso la te s and  c lones  from the d is ta l gut  o f 
ra inbow trout.  Ge ls  were  s ta ined  with S YBR Go ld N uc le ic Ac id Ge l S ta in  
(Inv itrogen C anada , Burl ington,  ON) and visua l ized  and  photographed under  
ultravio let light. 
DGGE fingerp r ints  were  no rmalized and  ana lyzed us ing Ge lCompar  II  
V6 .1  so ftware  (App lied  Maths  Inc .,  Aust in,  TX). Pe rcent s imila r ity ind ices o f 
the fingerp r ints were ca lcu la ted us ing the Pearson p roduc t - moment corre la t ion.  
Dendrograms o f the f ingerpr ints were built us ing the  ca lcula ted Pea rson 




5.4.1 Validating pyrosequenc ing f indings using qRT-PCR: 
Seven ta rge t spec if ic  qRT-PC R assays were app lied to d is ta l gut  DN A 
extrac t poo ls from Tria l-1 (12 temp la te DN A poo ls ) to va l ida te the f ind ings  
from pyrosequenc ing. All targe ts were se lected on the bas is o f the ir abundances  
in exper imenta l d ie t and  the ir  co rrespond ing contro ls .  Consequently we  
compared  the  trend  o f copy number  fo r  ind iv idua l targe ts from Tr ia l-1  and  
Tria l- 2 (F igures  5. 1 and  5.2) . The de tec t ion l imit  for  a l l qRT-PC R assays was  
de te rmined  to be 5 x 102  ta rge t cop ies g-1  of intest ina l contents.  Ta rge t copy 
numbers  detec ted in Tr ia l-1 samp les  ranged from undetec tab le to  2 x 10 9  cop ies  
g-1 .   
Comparison o f the pyrosequenc ing frequency da ta and qRT-PC R copy 
numbers  for  F IR-1, F IR-2 and  F IR-3 (F igure  5. 1)  showed tha t re sults  from bo th 
techniques d id no t a lways agree. Frequency data genera ted us ing  
pyrosequenc ing showed tha t F IR-1 sequences were s ignif icantly more abundant  
in CM as  compared  to  its  FM contro l d ie t (F igure  5. 1A) . A s imila r  t rend was  
seen when copy numbers  for  these  ta rgets were genera ted  fo r C M assoc ia ted  fish.  
A s ign if icant d if fe rence fo r F IR-1 frequency was a lso seen in PPC and i ts  
correspond ing contro l but  s imila r t rend  was no t seen by qRT-PC R as  the  ta rget  
was detec ted but no t quantifiab le (F igure 5.1A). O n the o the r hand bo th FIR-1  
(4.46 x 107  ta rge t cop ies g-1 ) and F IR-3 (4.53 x 106  targe t cop ies g-1 ) were  
de tec ted in PM assoc ia ted fish by qRT-PC R but the frequency numbers  by 
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pyrosequenc ing d id no t show a s imila r t rend.  Target  F IR-2 was one  o f the most  
incons is tent  ta rge ts . I t was  detec tab le  but  not  quantif iab le  in C M,  CPC  and the ir  
correspond ing FM contro l assoc ia ted  fish by q RT-PC R but sequences  
correspond ing to  this  ta rge t were de tected  in abundance in the co rrespond ing  
pyrosequenc ing l ib rar ie s  (F igure  5.1B) . FIR-2  sequence  frequency and  qRT-PC R 
da ta (more  than 106  ta rge t  cop ies  g-1 ) fo r f ish a ssoc ia ted  with P M,  PPC  and S BM 
were  in agreement,  where  the  frequency o f F IR-2 was  a lways h igher  than 1600  
reads (Tab le 5 .4 ). However, while F IR-2 sequence frequency in fish assoc ia ted  
with the co rrespond ing contro l d ie ts was a lso higher than 1000 ,  it  was de tec ted  





F igure 5 .1 Comparison o f qRT-PC R copy numbers (ba rs,  le ft ord ina te ) and  
ta rget  sequence frequency (squares, r ight  ord ina te ) o f (A) F IR-1, (B) F IR-2 and  
(C)  F IR-3  from Tr ia l- 1.  S equence  abundance  data  is  p lo t ted  as  the  mean o f the  
sca led sequence abundance o f a ll f ish in each d ie t  group  (n=9, excep t  for  
PPC,CM, F M SP C,  FM CM , FM CP C).   Erro r bars ind icate standard devia t ion.  
S ignif icant  d if fe rences  (p<0.05)  in sequence abundance be tween exper imenta l 
and contro l d ie t pa irs a re ind ica ted by p va lue . qRT-PC R copy numbers were  
generated  for  poo led genomic  DN A from  intes t ina l contents  o f a l l f ish in each 
diet group. $ represents detected but not quantifiab le. 
Results  for ta rge ts P RO-1 , P RO-2, P RO-3 and P RO-4 were a lso  
incons is tent  (F igure  5 .2 ). Sequences co rrespond ing to ta rge ts  P RO-1,  P RO-2 and  
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PRO-4 were s ign if icantly more  abundant in f ish fed with PM  than the  
correspond ing F M contro l and this t rend was a lso seen by qRT-PC R (F igure  
5.2A, B and D). In the o the r d ie ts,  P RO-1  (F igure 5.2A) results were cons is tent  
in tha t the sequence frequenc ies fo r a ll the d ie ts were  fewer than 32  and the  
ta rget  was  e ithe r unde tec ted o r detec tab le but no t quantif iab le by qRT-PC R.  
PRO-2  (F igure 5.2B) sequences  were  s ignif icantly more abundant  in a ll  
exper imenta l d ie t  fish compared to the ir  contro l d ie t counterpa rts,  but  it was  
de tec ted by qRT-PC R at  quantif iab le leve ls  only in only f ish fed the P M d ie t (2  
x 107  targe t cop ies  g-1) . P RO-3  (F igure 5.2C ) showed  mixed results  where  
find ings by bo th methods agreed in the case s o f C M and S BM fish but d id not  
agree  in the  othe r  d ie t  groups .  P RO-3 was  de tected  by qRT-PC R a t  a  range  from 
unde tec tab le to  2  x 108  ta rget  cop ies g-1 .  P RO-4 (F igure 5.2D) showed  s imila r  
trends  by both qRT-PC R and  pyrosequenc ing in  P M and P PC f ish,  where  a  
s ign if icant  d if fe rence  was  seen in sequence frequency be tween exper imenta l 
d iets  and  contro ls.  F or  S PC f ish a  s ign if icant  d iffe rence  in frequency was  seen 




F igure 5 .2 Comparison o f qRT-PC R copy numbers (ba rs,  le ft ord ina te ) and  
ta rget sequence frequency (squares , r ight ord ina te) o f (A) P RO -1 , (B) P RO-2 (C ) 
FIR 3 and (D)  P RO-4 from Tria l- 1. Sequence  abundance da ta  is p lo tted as  the  
mean o f a ll f ish in each d ie t group (n=9,  except  for  PPC,C M,  FM SP C , F MCM ,  
FMCP C ).  Error  bars ind icate s tandard  devia t ion. S ign if icant  d if fe rences  (p<0.05)  
in sequence abundance be tween exper imenta l and  contro l d ie t pa irs  a re  ind ica ted  
by p va lue . qRT-PC R copy numbers were generated fo r poo led genomic  DNA 
from  intes t ina l contents o f a l l fish in each d ie t group.  $ rep resents de tec ted but  
not quantifiab le . 
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5.4.2 qRT-PCR based comparison of  target  abundance in Trial-1 and Trial-2. 
A second goa l o f the  s tudy was to  de termine  if d ie t a ssoc ia ted changes in  
mic rob iome  struc ture  were rep roduc ib le  by  comparing d ie t  a ssoc ia ted shifts  in  
abundance  o f bac te r ia l spec ies  ta rge ts  in f ish from Tr ia l- 1  and Tria l-2  us ing  
qRT-PC R on poo led samp les  from each d ie t group .  Comparison o f copy numbers  
o f ta rgets in Tr ia l-1 and Tria l- 2 were genera lly incons is tent . Fo r example FIR-1  
was de tec ted  in PM fish from bo th tr ia ls  at  app roximate ly 107  ta rge t  cop ies g-1 ,  
but  was only de tec ted a t quantif iab le leve ls  in F M contro l f ish from Tria l-2 at  
1.12  x 107  ta rge t cop ies  g-1  (F igure  5. 3A). Th is  incons is tent  t rend  was  true  in  
case o f a l l the ta rge ts  (F igure 5.3 ).  When ta rgets were de tected  in f ish fed  
exper imenta l d ie ts  in Tr ia l- 2  they were  a lso  de tec ted in f ish fed  exper imenta l 
d iets in Tr ia l- 1 (excep t fo r FIR-3 and P RO-3 in case o f C M) , wh ile  on the o ther  
hand  when the  ta rge t  was de tec ted  in Tr ia l-1  fish it  was  no t  a lways  de tec ted in  
fish fed with exper imenta l d ie ts dur ing Tr ia l- 2. Targe ts P RO-1 and  P RO-2 were  
cons is tent ly unde tected o r were de tec ted at leve ls  be low the quantifica t ion l imit  
in the C M and S BM groups.  S imila r ly,  F IR-3 was no t detec ted in any S BM fish  





F igure 5.3  Comparison o f the copy numbers o f the  seven bac ter ia l ta rge ts  in  
poo led intest ina l contents o f f ish fed  with exper imenta l d ie ts  (A) P M, (B) CM 
and (C) S BM in Tr ia l- 1 and Tria l-2 , de termined by qRT-PC R. $ represents  




5.4.3 Evaluating ef fects of  plant  ingredient  based diets on intest inal microbiota 
using 16S rRNA based DGGE: 
DGGE intes t ina l mic rob ia l p ro fi le s o f f ish fed with p lant based  
ingred ients  in Tr ia l-1  were  compared  to  DGGE p ro f i le s o f f ish fed  with same  
d iets in Tr ia l-2 . DGGE ana lys is  was  perfo rmed  on intest ina l contents o f 
ind ividua l f ish fed with four d ie ts from Tria l- 2 (FMT 2 , PMT 2 , CMT 2  and S BMT 2) 
and  compared to DGGE p ro f ile s  genera ted  in Tr ia l- 1  (P M,  C M and S BM,  and  
their correspond ing FM control diets PMFM , CMFM  and SBMFM) (Chapter 4).  
Results  based  on c lus te r ana lys is  o f DGGE p ro f ile s  from fish fed  the  
exper ime nta l and contro l d ie ts  dur ing Tr ia l- 2 showed tha t the exper imenta l d ie t  
fish a lways c lus tered  separa te ly from fish fed with f ishmea l contro l d ie ts  
(F igure 5.4 ). Min imum percent s imila r it ie s be tween exper imenta l and contro l 
diet DGGE profiles were <60% for all groups.  
Comparison o f DGGE pro fi le s o f fish from Tria l- 1 and  Tria l- 2 showed  
that  a lthough DGGE p ro fi le s o f fish fed with p lant  ingred ients a lways  c lus te red  
separa te ly from those  fed  the  F M contro l d ie t,  the re  was cons is tent ly separa te  





F igure 5.4  C lus ter  ana lys is  o f 16S rRN A DGGE pro fi le s from ind iv idua l f ish fed  
































F igure 5 .5 C lus te r ing o f 16S  rRN A DGGE p ro f i le s o f ind ividua l ra inbow trout  
fed  P M (top ),  CM (midd le )  o r S BM (bottom) in Tr ia l- 1 and  Tria l-2 . Trees  a re  
co llapsed  a t the lowest  common node fo r each d ie t  group. N umbers in  





























































P yrosequenc ing is a fa s t and cos t e ffec t ive techn ique compared to  
trad it iona l S anger sequenc ing,  which has enab led high throughput  sequenc ing o f 
d iffe rent  mic rob ia l commun it ie s  (Hugenho ltz,  et  al . 2008) . P yrosequenc ing  
a llows sequenc ing o f mu lt ip le  samp les in pa ra l le l, fac il ita t ing comparison o f 
sequence  l ib ra r ie s from d if fe rent  samp les .  Even though pyrosequenc ing is  a  
use fu l techn ique fo r  charac ter isa t ion o f mic rob ia l commun it ie s, it  necessar i ly  
re sults in p ropo rt iona l da ta, which does no t p rovide abso lute quantita t ive  
in fo rmation. F ur thermore, s ince the detec t ion o f any sequence in a l ib ra ry o f 
DN A temp la tes  is  dependent  on the  composit ion o f tha t samp le ,  the  
rep resenta t ion o f any ind iv idua l mic rob ia l commun ity me mber is  n ot  a ssured,  
even if it  is abundant.  Unfo r tuna te ly, s ince the advent o f me tagenomic  
pyrosequenc ing the re  has  been l it t le  e ffo r t to  va lida te  the re sults  o f these  
sequenc ing s tud ies us ing truly quantita t ive  techniques.   qRT-PC R is  a h igh ly  
sens it ive and spec if ic s ta te o f the a r t techn ique which has been used to quantify  
d iffe rent  bac te r ia l ta rge ts  within bac te r ia l communit ie s (S uzuk i, et  al . 2000 ;  Yu,  
et  a l. 2005 ; Desa i, et  al . 2009 ; Mansf ie ld ,  et  a l.  2010 ). The current s tudy was  
des igned to app ly qRT-PC R to va l ida te cpn60 based metagenomic  sequence  
l ib ra r ies from the intes t ina l mic rob iomes o f fish fed with d if fe rent  p lant based  
d iets,  and to app ly the  spec ies-spec if ic  qRT-PC R too ls to  determine  if the  
changes in intes t ina l mic rob iome  s truc ture a ssoc ia ted with p lant ingred ient  
based diets are reproduc ib le .  
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In our  p revious  s tudy ra inbow trout  were  fed  with d iffe rent  exper imenta l  
d iets  in wh ich pea , soy bean and  cano la  were used  to  rep lace  up to  30% o f 
fishmea l.  P yrosequenc ing o f cpn60  amp licons  was used to  de fine  the s truc ture  
o f the intes t ina l mic rob iome and desc r ibe d iffe rences in the intes t ina l  
mic rob io ta o f these fish fed with d iffe rent d ie ts. To va l idate our find ings  from 
the pyrosequenc ing s tudy,  seven targe t spec ific  qRT-PC R assays  were  deve loped . 
These ta rgets were chosen from a group o f 22 O TU found to d if fe r s ign if icantly  
in abundance  be tween f ish fed  with exper imenta l d ie ts  o r  the  F M contro l d ie t  
(Tab le 5. 1 and 5. 2) . Comparing O TU sequence abundance and copy numbers  
from qRT-PC R ana lys is  showed  tha t ne ithe r  the abso lute  numbers  no r  the  trends  
agreed in a ll the  cases.  In some  cases , such as  F IR-1 abundance  in C M and  F IR-
3 abundance  in S BM fish, pyrosequenc ing and qRT-P C R results were in  
agreement both, although this trend was not consis ten t in all case of all targets.  
Errors  such as  the  mis inte rp reta t ion o f homopo lymeric  sequence  regions  
are inherent  to the  454 pyrosequenc ing techno logy and can r esult  in ar te fac tua l 
d ive rs ity (Q uince,  et  a l.  2009 ).  O the r  sources  o f a rte fac t  inc lude  Taq  DNA 
po lymerase  inf ide l ity dur ing amp lif ica t ion (Ecker t,  et  a l.  1991 ).  Accumula t ion 
o f these  ar te fac ts  can result  in an overes t ima tion o f sequence  d ive rs ity.  O n the  
othe r hand we have seen ear l ie r  tha t  the re  can be a spec ies  and a s tra in leve l  
d ive rs ity in any mic rob ia l environment (Mansfie ld , et  a l. 2010;  Vermette , et  a l.  
2010 ). To s imp lify the des ign o f qRT-PC R assays and account fo r some  leve l o f 
d ive rs ity overest ima tion,  we  chose  to  c reate  O TUs by poo ling the  assembled  
sequences ( isot igs )  accord ing to  the ir  nea res t ne ighbour in the cpnDB re fe rence  
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da tabase.  As  shown in Tab le  5. 4,  some o f these O TU inc luded a la rge  number o f 
isot ig sequences (up to 101 for P RO -3 ).  In most cases, the combined sequences  
were  ve ry s imila r  to  each o the r,  showing a  narrow range  o f sequence  identity  
va lues to the ir  nea rest ne ighbour .  However, in o ther cases, such as FIR-2 , F IR-
3 and  P RO-3,  there  was more intra-O TU d ive rs ity,  ra is ing the  poss ib il ity tha t  
the qRT-PC R p r imers for tha t targe t actua l ly amp lify a re la t ive ly small  
propo rt ion o f the sequences cons ide red in the sequence abundance comparison.   
To min imize this  e ffect , qRT-PC R assays deve loped in these stud ies were  
des igned in such a way tha t  they de tec ted  most  o f the  iso t ig sequences  tha t  were  
poo led into fo rmation o f ind ividua l O TU, w ith pr imers des igned  to annea l to  
conserved sequences within the OTU, avoid ing variab le regions .  
The incons is tency seen while  comparing the f ind ings  in two techn iques  
may a lso be due  to the  fac t tha t the  techn iques  a re des igned to  answer d if fe rent  
quest io ns . qRT-PC R is  used  to targe t and  quantify spec if ic  ta rge ts  wh ich a re  
par t o f a mic rob ia l commun ity,  independently o f the othe r commun ity members.  
Metagenomic  lib rar ie s are c reated to cha rac te r ise the who le mic rob ia l  
community by exp lo it ing “un ive rsa l” PC R  p r imers,  and  thus  the  detec t ion o f 
ind ividua l members o f the community a re no t independent. Rare spec ies in the  
community may be over- rep resented  o r  abundant  spec ies  under- rep resented  
depend ing upon the e ff ic iency o f the ir  amp licat ion in the un ive rsa l p r i mer PC R.   
For  example , b if idobacter ia  and  mo ll icutes are routine ly under -represented in  




Another important fac to r in our exper imenta l des ign tha t may have  
contr ibuted to  the lack  o f agreement be tween metagenomic  l ib ra r ie s and  qRT -
PCR resu lts is  tha t the cpn60  metagenomic  l ib ra r ie s were crea ted from intes t ina l  
contents o f ind iv idua l f ish,  whereas  qRT-PC R was  perfo rmed  o n poo led  genomic  
DN A from a ll f ish on from each d ie t group . Incons is tent t rends seen in the  
comparison o f the two techniques can be a re sult  o f this  poo ling e ffec t. I t has  
been shown ea r l ie r  tha t  a lthough it  is  conven ient  and  economica l,  poo ling  
samp les  ca n result  into  over  o r under representa t ion o f targe ts  in the  community  
(Desai, et  al. 2009). 
The observa t ion tha t p lant ingred ients re sult  in an intes t ina l mic rob iome  
d ist inc t in s truc ture from tha t  o f fish fed the FM contro l d ie t was conf irmed  by 
DGGE fingerp r int ing o f ind iv idua l fish from Tria l- 2 (F igure 5.4 ).  This  
observa t ion is  in agreement with the resu lts we have seen ea r l ie r ( C hap ter 4)  
where the intes t ina l mic rob io ta  o f f ish fed with the  exper imenta l d ie t was  
always distinguishab le from the FM contro l group.  
 The  qRT-PC R assays  deve loped  fo r va l idat ion o f the me tagenomic  
l ib ra r ies  were a lso app lied to samp les  from f ish in Tr ia l -1  and  Tria l-2  to  
de te rmine  if d if fe rences  in abundance  o f ind iv idua l spec ies  targe ted  be tween the  
contro l and exper imenta l d ie ts were rep roduc ib le . Examina tion o f the da ta  
summarized in F igure  5. 3 shows tha t  out  o f 21  cases  (7  targe ts fo r  three  
ingred ients) , the same trend in re la t ive  abundance ( inc rease or  decrease  
rega rd less o f abso lute va lue ) be tween exper imenta l d ie t and F M contro l was  
seen in Tr ia l- 1 and Tria l-2 in 11 cases .  However , when abso lute  abundance is  
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cons ide red,  the  resu lts a re  even le ss  cons is tent,  with the only true  rep l icates  
be ing cases  where overa ll abundance  is  in the  DNQ  range  ( fo r  example , P RO-2  
in CM and SBM). 
The best  exp lana tion for  our  obse rvat ion tha t the apparent abundance o f 
the qRT-PC R ta rgets in the  tr ia ls  were d if fe rent  (F igure  5. 3)  is  found in the  
combined results  o f 16S  rRN A DGGE ana lys is  from the two  tr ia ls  (F igure 5.5 ).  
The DGGE p ro f ile s  c lus te red by tr ia l f irs t,  and then by d ie t  within each tr ia l,  
suggest ing that  the  intest ina l mic rob iomes  o f the  two cohorts o f f ish were  
d iffe rent  from each o the r  even be fore  the  feed ing tr ia ls  began.  Even if the  
se lect ive  p ressures  from the d ie t  composit ion were  equ iva lent  in the  two  tr ia ls ,  
the e ffec ts  on the  overa l l s truc ture  o f the mic rob iome  would  be in f luenced  by 
the composit ion o f the s ta r t ing popula t ion upon which the se lec t ion ac ts . The  
deve lopmenta l s tage  o f fish  can a lso  de termine  the s tructure o f the intes t ina l  
mic rob io ta  (Ho lben, et  a l.  2002 ;  Hagi,  et  a l.  2004 ).  S ince  the  f ish used  in Tr ia l-
1 and  Tria l- 2 were from d if fe rent  ba tches  and  we  d id  not  c ontro l fo r  the  
d iffe rence  in the  age , the  find ings  in the  s tudy may a lso  have been a ffec ted  by 
these factors. 
Par t  o f the  mo tiva t ion fo r this  s tudy was to  de te rmine  if we  could  identify  
“ind icator  spec ies” tha t  could  be  ta rge ted  as  a  p roxy fo r  overa l l changes  in the  
inte s t ina l mic rob iome , with the  goa l tha t  such ta rge ts  would  be  d iagnos t ica l ly  
in fo rmative  in eva lua t ing the e ffec ts  o f d ie t  and ingred ients on the intes t ina l  
mic rob iome .  Measur ing the abundance o f a few se lec ted  targe ts in poo led  
samp les would  be s imp le r and le ss expens ive  than genera t ing de ta iled mic rob ia l  
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sequence  p ro fi le s fo r samp les  from ind iv idua l fish.   However,  our re sults  
suggest  that  a spec ies-spec if ic  app roach may be  too  spec if ic ,  and no t  a l low for  
stra in var ia t ion within spec ies.  Also, the success  o f this  approach assumes that  
the composit ion o f the trout inte s t ina l mic rob iome  is composed o f a cons is tent  
repetoire of species, which our results do not support.  
The goa l o f eva lua t ing the intes t ina l mic rob iome o f aquaculture f ish fed  
d iffe rent  d ie ts  is  to identify p lant ingred ient  based  d ie t  formu la t ions  tha t  resu lt  
in an intes t ina l mic rob iome  s imila r  in s truc ture to  tha t obse rved in hea lthy fish  
with idea l growth character is t ic s , which fo r  ca rnivo rous  fish would  be  the  
mic rob iome  result ing from a d ie t based  on f ish mea l.  O ur re sults  suggest  that  
this  might  bes t be eva luta ted  by comparing overa l l popula t ion s truc ture us ing a  
pro f i ling techn ique  such as  DGGE or  me tagenomic  sequenc ing and  look ing fo r  a  
min ima l shift  away from the  F M p ro fi le .  Rap id ly evo lv ing techno logy and  
dec reas ing cos ts wil l make sequenc ing techno logies even more access ib le  in  the  
future .  Alte rna t ive ly,  fur the r  s tudy may revea l o the r in fo rmative  pa t te rns  such 
as  ra t ios  o f h igher  taxonomic  leve ls  (e . g.  F irmicutes :Pro teobacter ia  ra t io ),  
mic rob ia l gene express ion pa t te rns o r func tiona l charac te r is t ic s o f the  
mic rob iome  tha t are more d iagnos t ica lly info rmative  than phy logenetic  pro fi l ing  




Chapte r 6 Discrimina tio n of Carnobacterium maltaromaticum  
strains isolate d fro m rainbow trout (Onchorhyn chu s mykiss)  





Many s tud ies  have  shown that  d ie t  p lays  an important ro le  in the  s truc ture  
o f the intes t ina l mic rob io ta . In add it ion to  d ie t the re are othe r fac to rs  wh ich 
may a ffec t the intes t ina l mic rob io ta such as  fish age , and environmenta l fac to rs  
such as  wa te r  temperature and sa l in ity.  As  par t  o f an ongo ing se r ie s o f feed ing  
tr ia ls  to exp lo re the e ffec ts  o f d ie t on the  mic rob iome , f ish were reared  in an 
indoo r rec ircula t ing fac i l ity .  The desgin o f the  fac i lit y re sults  in the f ish  sha r ing  
a common env ironment tha t might  fac il ita te  the  sha r ing o f a  common popula t ion 
o f intes t ina l bac te r ia among fish,  reduc ing the degree o f any d ie t e ffec ts  
observed . We have used  Carnobact er ium  ma lta romat icum  a s  a  ta rge t  spec ies to  
de te rmine the exte nt  to which d if fe rent s tra ins  o f C . ma lta romat icum were  
sha red among f ish in the same  env ironment, rega rd less o f the ir  d ie t . C.  
malta romat icum  is  known to  be  pa r t o f the  intes t ina l mic rob io ta o f ra inbow trout  
(Onchorhynchus  myk iss)  and  is  recogn ized  as bo th a  benef ic ia l and  a  pa thogen.  
Here  we have used GTG5  rep PC R to d isc r imina te be tween C . ma lta romat icum  
st ra ins  iso la ted  from the  intest ina l mic rob iota o f ra inbow trout  fed  with  
d iffe rent p lant  based d ie ts. Results  from this  s tudy suggest tha t the intes t ina l  
mic rob ia l pro fi le o f ind ividua l f ish is  unique at the s tra in leve l. F ind ings  from 
this  s tudy wil l he lp us  in unders tand ing e ffec ts  o f sha red environments  on the  





The intes t ina l mic rob io ta o f f ish is in f luenced by many fac to rs such as  
seasons , environment var ia t ions , age, and d ie t (Ringo , et  a l. 1995; Hovda, et  a l.  
2011 ). Previous cha rac te r isa t ions o f inte s t ina l mic rob io ta re lie d heav ily on 
culture based  techniques hence  limit ing our  knowledge to bac ter ia l spec ies  
which a re  read ily cult ivab le.  This  res tr ic ted  our unders tand ing o f the  dynamics  
o f the intest ina l mic rob io ta and how it  reac ts to d if fe rent  fac to rs . Recent  
deve lopments in culture  independent, mo lecula r  based techniques have he lped us  
in bet ter  unders tand ing intes t ina l mic rob io logy and reduc ing the  b iases  
assoc ia ted with culture dependent techniques. Techn iques  such as  dena tur ing  
grad ient  ge l e lectropho res is  (DGGE),  fluo rescence in  s itu hyb r id isa t ion (FIS H),  
and metagenomic  methods based on phy logene tic  ta rge ts such as 16S rRN A and  
cpn60 have been emp loyed to cha rac ter ise the s truc ture o f ra inbow trout  
inte s t ina l mic rob io ta (S panggaard , et  al . 2000 ; Huber , et  a l. 2004 ; Mansfie ld , et  
al.  2010;  Navarre te ,  et  a l . 2010) . These  techniques  have  given va luab le  ins ight  
into the s truc ture o f intes t ina l mic rob io ta but a t  the same t ime  they do no t yie ld  
strain leve l resolut ion. 
Many s tud ies  have shown tha t  d ie t  can a lte r  the  s tructure  and composit ion 
o f the intes t ina l mic rob io ta . It  has been sugges ted tha t  d ie ta ry manipula t ions can 
be used  in a  contro l led manner  to  cause  changes in the  intes t ina l mic rob io ta  in a  
way tha t can be b enef ic ia l fo r fish hea lth (Spanggaard , et  a l . 2001 ; Aas , et  a l.  
2006 ; He ikk inen , et  a l. 2006;  K im,  et  a l. 2006) . These app roached inc lude the  
use  o f d ie tary add it ives  and antimic rob ia ls (Glencross,  et  a l . 2004 ; Bakke-
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McKellep, et  a l. 2007; Dimitroglou , et  a l. 2009 ). Co rrespond ingly fewer s tud ies  
have concentra ted on be t te r unders tand ing the  e ffects  o f seasona l va r ia t ion 
(Spanggaard , et  a l . 2000 ; Huber , et  a l. 2004) or the surround ing env ironment 
(Hansen, et  a l.  1999 ) on the intest ina l mic rob io ta o f ra inbow trout . However,  it  
has  been obse rved tha t the  intest ina l mic rob io ta  o f f ish as  we ll a s h igher  
ver teb ra tes can be in f luenced by a shared environment (Roese le rs, et  a l. 2011;  
Spo r, et  al . 2011 ). I t is important to s tudy the e ffec t o f fac tors such as  sha red  
environment on the  c reat ion o f a “pan- microb iome” with in an exper imenta l 
sys tem because these factors can in f luence the inte rpreta t ion o f re sults o f 
stud ies des igned to  dete rmine  the e ffec ts  o f d ie t o r  env ironment manipula t ion on 
the intest ina l mic rob iome , poss ib ly introduc ing a normalizing e ffec t that  
decreases the apparent effect of experimenta l manipu la t ions .  
The ob jec t ive  o f this  s tudy was  to  eva lua te  the extent  o f sha r ing o f stra ins  
o f bac te r ia in the intest ina l mic rob io ta o f ind ividua l f ish housed in a  
rec ircu la t ing fac i l ity over a per iod o f t ime . We have se lec ted C.  ma lta romat icum  
as  our targe t as  it  is  a  known cons t ituent  o f  inte st ina l mic rob iota o f sa lmonid  
fish (Ringo , et  a l. 1995) . In our p revious s tudy (Mansfie ld , et  a l.  2010 ) based  on 
cpn60 c lone l ib ra ry ana lys is  we saw tha t the most fre quently obse rved sequence  
was identica l to  C.  ma ltaromaticum  and tha t these sequences were the  only  
sequences which were  common to  a l l f ish  in the  s tudy, rega rd less  o f d ie t. We  
have used a rep-PC R based on GTG5  rep  PC R p r imers to d iscr imina te be tween 
d iffe rent  s tra ins  o f C . m alt aromaticum .  GTG5  rep PC R is  a  fas t  and  re liab le  
technique  wh ich has been used to  identify,  c la ss ify and d isc r imina te  be tween 
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d iffe rent bac te r ia l spec ies as we ll a s the s tra ins o f the same bac te r ia l spec ies  
(Gevers,  et  a l.  2001 ; S vec, et  al . 2005;  S vec , et  a l.  2005 ; Lee , et  a l.  2011 ).  To  
our knowledge this is  the firs t s tudy a imed a t eva lua t ing the extent to  wh ich 
ra inbow trout housed in a sha red fac i lit y share d iffe rent s tra ins  o f the same  









6.3 Materials and methods: 
6.3.1 Fish husbandry, diets and sample collect ion:  
The tr ia ls  were conduc ted a t the P ra ir ie  Aquaculture Resea rch Centre  
(Unive rs ity o f S aska tchewan,  Saskat oon, SK ), a b io log ica lly fi lte red semi-
c losed  rec ircula t ing aquacu lture sys tem.  Tr ip lo id  female  ra inbow trout  
(Oncorhynchus  myk iss ),  were used  for  the t r ia ls  and  were acqu ired  from Wild  
West  S tee lhead  (Lucky Lake,  SK ).  F ish were housed in 360  L tanks  with wa ter  
tempera ture  ad jus ted at  15 ±  1  °C  and  the  photoper iod was  14  h light : 10 h da rk.  
Wate r qua lity ind ica to rs were  c lo se ly mon ito red  over  the course o f the  
exper iment . F ish were acc l ima tized to  the  farm environment by hous ing them for  
two  weeks be fo re  the tr ia l on a  commerc ia l f ishmea l based  d ie t.  All ins truct ions  
and gu ide lines  set  by the C anad ian C ounc il o f Animal Care  (CC AC , 2005 ) were  
fo l lowed throughout the exper imenta l t r ia l (Un ive rs ity C ommittee on Animal 
Care and S upp ly P ro toco l 19980142). All fis h were hand- fed to  sat ie ty twice  
da ily with d ie ts  fo rmu la ted us ing d iffe rent  p lant  ingred ients, namely pea  mea l 
(PM),  soy p ro te in concentra te (SPC ), cano la mea l (C M) and cano la  p ro te in  
concentra te  (CPC ) at  d iffe rent  inc lus ion ra te s (0 , 7.5 , 15,  22.5  and 30 % o f fish  
mea l rep laced  with the p lant ingred ient). All d ie ts were  fed fo r a pe r iod o f 56  
days. Exper imenta l d ie t t r ia ls  were no t conduc ted s imu ltaneous ly, but were  
perfo rmed in ser ie s as desc r ibed previous ly (C hap te r 4 ). At the end o f each 
feed ing tr ia l random f ish were  se lec ted,  euthanized and the  d is ta l gut contents  
were collec ted aseptica l ly.  
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6.3.2 C. maltaromaticum isolat ion: 
Dis ta l gut  contents from ind iv idua l fish were se r ia lly d i luted and sp read  
on c reso l red tha l lium ace ta te sucrose inu lin (C TS I)  agar  (Wasney, et  a l. 2001 ).  
P la tes were incubated at 25°C fo r two days  and a t 8 °C fo r an add it iona l two  
days. Iso la ted  C. ma lta romat icum  co lon ies used to inocula te MRS  b ro th and  
incubated  overnight  a t 35°C.  Glyce ro l s tocks (15% v/v) o f C.  ma lta romat icum  
were  p repared and  s to red at  -80°C unt il fur the r use. The  number o f iso la tes  from 




Table  6.1  N umbe r of  Carn obacteriu m maltaromaticu m s tra ins  iso la te d from 
dis tal intes tinal contents  of rainbow trout fed with different die ts .  
 
 Diet Trial [number of fish sampled (number of isolates per fish)]  
 










0 (FM control) 2 (6) 1 (8) 1 (8) 2 (8) 
7.5 2 (6) 2 (8) 1 (8) 1 (4) 
15 2 (6) 1 (8) 1 (8) 1 (8) 
22.5 2 (6) 1 (8) 1 (8) 1 (8) 
30 0 1 (8) 0 1 (8) 





6.3.3 cpn60 PCR and sequencing: 
Spec ies-spec if ic  PC R based on the cpn60 unive rsa l ta rge t was used to  
conf irm the identity o f iso la tes (Mansfie ld, et  al . 2010 ). PC R amplif icat ions  
were  pe rformed  in a 50  µL reac t ion cons is t ing 5  µL o f 10 ×  PC R reac t ion buffe r,  
2 mM MgC l2 ,  0. 2 mM each o f a  dN TP mixture ,  0. 4 µM o f each pr imer  ( forward : 
5’- GCA ATT TGA CC G TGG TTA CC -3’  and reve rse : 5’- TTA ATA ATG GAC  
CTT GTT GG-3’)  and  0.5 U o f P la t inum Taq DN A po lymerase ( Invitrogen,  
Burlington, ON, C anada).  Thermocyc ling paramete rs were 3 min a t 95  °C   
fo l lowed by 40 cyc les o f 95 °C for 30 s, 64 °C for 30 s and 72  °C fo r 30 s  
fo l lowed by 5  mins  o f f ina l extens ion a t 72 °C.  Amplif ied PC R p roduc t was  
expec ted to  be  167 bp  in length.  PC R p roduc ts were  pur if ied  and  sequen ced  
d irect ly a t  Na tiona l Research Counc il P lant  Bio techno logy Inst itute , S aska toon,  
SK. 
6.3.4 DNA ex tract ion and GTG5  rep PCR: 
Genomic DN A was extrac ted from overnight bro th cultures o f C.  
malta romat icum iso la te s  us ing a  mod ified  sa lt ing out  p rocedure  (Mart in- P la te ro,  
et  a l.  2007 ).  Genomic  DN A from a  to ta l o f 172  C.  ma lta romat icum s tra ins  
iso la ted from d iffe rent fish fed with d if fe rent d ie ts was extrac ted (Tab le 1 ).  
GTG5  rep PC R was  pe rformed  as desc r ibed ea r lie r  (Versa lovic ,  et  a l.  1994 ).  
PCR was  pe rfo rmed in a f ina l vo lume  o f 25  µL with 10% (v/v) DMSO. PC R 
cond it ions were se t a s 3 min a t 95°C as in it ia l dena tura t ion fo llowed by 35  
cyc les o f 30 sec a t 95°C o f dena tura t ion, 1 min a t 40 °C and 8 mins a t 65 °C,  
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and  ended with a  fina l extens ion o f 10 mins  a t 65  °C.  PC R produc ts  were  
visua l ized on a 1 .5 % agarose ge l, run fo r 5 hours a t 100 V. Three lanes in each 
ge l (one on each end  and one  in the center)  were ass igned  for  a 1 kb mo lecula r  
marker . Ge ls  were sta ined in TBE buffe r  conta in ing 10 mg ml -1  e thid ium 
bromide solut ion and photographed under UV light. 
6.3.5 Cluster analysis: 
GTG5  rep PC R f ingerp r ints  were  normalized  and  ana lyzed  us ing  
Ge lCompar I I V6.1  so ftware (App lied  Maths  Inc .,  Aus t in,  TX).  P ercent  
s imila r ity ind ices o f the  fingerp r ints  rep resenting ind iv idua l C . ma lta romat icum  
st ra ins were ca lcula ted  us ing the Dice coe ff ic ient . Dend rograms o f the  
fingerpr ints  were  built  us ing the ca lcu la ted Dice  coe ff ic ient  un- we ighted pa ir  





The GTG5  rep PC R fingerp r ints  o f 172 C . ma lta romat icum  iso la tes  from 
24 ind iv idua l f ish were genera ted (4  to  8  iso la te s pe r f ish)(Tab le  6 .1 ).  GTG5  rep  
PCR fingerp r ints  conta ined from 6 to  23  bands, rang ing in s ize  from 500 to 5000  
bp.  
C luste r ana lys is  o f these iso la tes  based  on Dice coe ff ic ient  showed  tha t  
the min imum percent  s imila r ity o f the  p ro f ile s  fo r  iso la tes  from ind ividua l fish  
ranged from 68 to  10 0 % fo r PM fed f ish,  56  to 100% fo r  SPC,  57  to  100% for  
CM and 79 to 100% for CPC fed fish (F igure 6 .1 to 6 .4 re spec t ive ly) . F ew pa irs  
or groups o f iso la te s with identica l finge rp r ints were obse rved : two pa irs o f 
identica l iso la tes  each for  F MP M-109 and PM-127,  one pa ir  o f identica l iso la tes  
fo r F M SP C-244 , and  one pa ir  o f identica l iso la tes each fo r  FM CM-288  and C M-
297.  O nly three groups o f more than two identica l finge rp r ints  were  obse rved,  
inc lud ing 4  identica l iso la tes  from P M-128,  7  identica l iso la te s from FM CP C-334 , 






F igure 6.1  Dendograms de r ived from GTG5  rep PC R f ingerpr ints o f C.  
malta romat icum  iso la te s from d is ta l gut contents  o f ind ividua l f ish rea red  
dur ing the P M d ie t t r ia l.  Labe ls  ind ica te f ish  number.  N umbers in parentheses  
ind ica te the number o f s tra ins  iso la ted from tha t par t icu la r fish.  
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F igure 6.2  Dendograms de r ived from GTG5  rep PC R f ingerpr ints o f C.  
malta romat icum  iso la tes from d is ta l gut  content o f ind ividua l f ish rea red dur ing  
the SPC  d ie t  tr ia l.  Labe ls  ind ica te  fish number.  N umbers  in parentheses  ind ica te  



























F igure 6.3  Dendograms de r ived from GTG5  rep PC R f ingerpr ints o f C.  
malta romat icum  iso la tes from d is ta l gut  content o f ind ividua l f ish rea red dur ing  
the CM d ie t t r ia l. Labe ls ind ica te  fish number . N umbers in pa rentheses ind ica te  
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F igure 6.4  Dendograms de r ived from GTG5  rep PC R f ingerpr ints o f C.  
malta romat icum  iso la tes from d is ta l gut  content o f ind ividua l f ish rea red dur ing  
the CPC  d ie t  tr ia l.  Labe ls  ind ica te  fish number.  N umbers in parentheses  ind ica te  


























The obse rved s tra in leve l va r ia t ion was  unexpec ted ly high,  so 12  iso la tes  
ac ross a range o f min imum s imila r ity va lues were sub jec ted to cpn60 based  
sequence ana lys is us ing spec ies spec if ic  PC R assays deve loped fo r C.  
malta romat icum to conf irm the ir  identity (Mansf ie ld ,  et  al . 2010 ).  cpn60  
sequences from a ll 12 iso la tes were a t leas t 96 % identica l in nuc leo tide  
sequence  to the  C. m alta rom aticum  ATCC 27865 type s tra in re fe rence sequence  
in cpnDB.  
C luste r ana lys is  us ing the  Dice  coe ffic ient  was a lso  conduc ted to  
understand gene tic  va r ia t ion among C . m alta rom aticum  iso la tes  co llec ted  dur ing  
the same  t ime  pe r iod  ( i.e . same  d ie t  t r ia l) . GTG5  rep  PC R pro fi le s  o f a ll C.  
malta romat icum  s t ra ins  iso la ted from f ish fed  dur ing each exper imenta l d ie t  
tr ia l were c lus te red toge the r to de termine if they c lus te red based on ind ividua l  
fish o f or ig in (F igure 6 .5 ). A lower overa l l minimum percent s imila r ity was  
observed  among iso la tes  from the  SPC  (45%) and C M (30%) tr ia ls  re la t ive  to  
either PM (69%) or CPC (75%).  
In a l l t r ia l pe r iods,  fo r the  ma jo r ity o f f ish samp led,  mos t  o f the  iso la tes  
c lus te r toge ther , c los er  to each o the r than to  iso la tes  from othe r f ish (F igure  
6.5 ).  The leas t f ish- based c lus ter ing was observed  in the PM tr ia l where for  
only ha lf (4/8)  o f the fish,  the  ma jo r ity (3 /6 or  4 /6 ) iso la te s c lus te r toge ther  
(F igure  6.5A).  Iso la tes  from the S PC t r ia l were the most c lus tered based  on 
ind ividua l f ish o f or ig in,  with the ma jo r ity o f iso la te s (4 /8 to  8 /8 ) c lus te r ing  
toge the r fo r a ll (6 /6 ) fish samp led  (F igure 6.4B). Iso la tes  from 3 /4 and 4 /6  
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ind ividua l f ish c lus te red toge the r in the C M and CPC tr ia ls respec t ive ly (F igure  





F igure 6.5  Dendograms de r ived from GTG5  rep PC R f ingerpr ints o f C.  
malta romat icum  iso la te s from d is ta l gut  contents  o f a ll fish reared  dur ing (A)  
PM, (B) SPC,  (C ) C M, and (D)  CPC d ie t t r ia ls . Dendograms were  de r ived us ing  
Dice coe ffic ient  and the UP GMA c lus te r ing method.  Labe ls  ind ica te  fish number . 
Numbers  in pa rentheses ind icate the  number o f s tra ins  iso la ted  from that  






















































































































































































































































































































































































































































































































































































































































Results  p resented  in this  s tudy were a pa rt  o f a tr ia l des igned  to eva lua te  
the e ffects  o f rep lac ing f ishmea l in t rad it iona l aquaculture  feed with p lant  
ingred ients on the intes t ina l mic rob io ta o f ra inbow trout . This s tudy occurred  
over the  course o f one yea r d ur ing which fish were  ma inta ined in a b io log ica l ly  
fi lte red indoo r rec ircula t ing aquaculture fac il ity.  P revious s tud ies have shown 
that the surround ing env ironment can inf luence the  composit ion o f intes t ina l  
mic rob io ta (Hansen,  et  a l.  1999 ;  Gomez , et  al . 2008;  P erez, et  a l . 2010 ).  S ince  
the fac il ity was  we ll mon itored  fo r tempera ture  f luc tua t ions,  pH o f the  wa te r ,  
and  cond it ions  were  ma inta ined  to keep the f ish at  minimal s tre ss  leve ls , it  is  
unlike ly tha t d if fe rences  obse rved in the intes t ina l mic rob ia l composit ion o f fish  
on d if fe rent  d ie ts  were  inf luenced by these factors.  I t has a lso  been repo r ted that  
es tab lishment o f no rmal intes t ina l mic rob io ta o f fish rea red in an aquaculture  
fac il ity fo r  an extended  per iod  o f t ime  can be inf luenced  by environmenta l 
bac te r ia  (S ugita ,  et  a l.  1988 ;  Cah il l.  1990) . Given the  rec ircula t ion o f wa ter  
among tanks in the fac i l ity, each tank hous ing f ish on d if fe rent d ie ts, we sought  
to  inves t iga te the extent  to which a “pan- microb iome” might  be  sha red among 
fish,  rega rd less o f the ir  d ie t , s ince  this  could  have an in fluence  on the  degree o f 
d iet e ffec ts that could be detec ted with this  type o f exper imenta l des ign. I f a  
pan- mic rob iome  was present and  the  intest ina l and  feca l mic rob iomes  o f fish  
were  in f luenc ing f ish downstream in the  rec irculta t ing fac i l ity,  we  would  expect  
to see some identica l s tra ins  iso la ted from d if fe rent ind ividua ls , and  a random 
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c lus te r ing o f iso la tes from d if fe rent fish, cons is tent with a lack o f f ish- based  
cluste r ing of isola te s. 
GTG5  rep PC R has been wide ly used for  identif ica t ion and d isc r imina tion 
o f d iffe rent  benef ic ia l a s  we ll a s  pa thogenic  bacter ia  (S echi,  et  a l.  1999 ;  S vec,  
et  a l. 2005;  Mohapa tra , et  a l. 2008;  Braem,  et  al . 2011 ;  S vec,  et  al . 2011 ).  GTG5  
rep PC R is based on us ing an o l igonuc leo tide pr imer which s imu ltaneous ly  
amp lif ie s repe ta t ive  DN A e lements  in the  bac te r ia l genome (Versa lov ic,  et  a l.  
1994 ).  GTG5  rep PC R has  been used previous ly to identify d if fe rent  lac t ic ac id  
bac te r ia  (Vas i lopoulos,  et  a l.  2010 ),  but  s tra in leve l d if fe rentia t ion o f C.  
malta romat icum  us ing  GTG5  rep  PC R has  no t  been repo rted  to  the  autho rs’  
knowledge . 
C luste r ana lys is  o f GTG5  rep  PC R p ro f i le s o f C. m a ltaromaticum  st ra ins  
iso la ted  from the  intes t ina l contents  o f ind iv idua l f ish demonstra ted  a  
cons ide rab le leve l o f genome s tructure d ive rs ity,  with min imum s imila r it ie s  
be tween p ro f ile s  ranging from 56-100 % (F igure  6. 1-4) . The amount o f d ive rs ity  
we  obse rved was  cons is tent with p revious  s tud ies eva lua t ing d ive rs ity o f C.  
malta romat icum  s t ra ins  assoc ia ted with food spo ilage  (Vas i lopoulos, et  a l.  
2010 ).  This  app roach revea led  d ive rs ity in the mic rob iome at  a  s tra in leve l,  not  
detected by techniques employed previous ly in this thesis.  
C luste r ing o f a l l C . m alta rom aticum  s tra ins  iso la ted  from the  sa me t ime  
per iod (same d ie t t r ia l)  showed tha t  s tra ins  frequently c lus te red  by the  fish o f 
or ig in,  sugges t ing each ind iv idua l f ish has  its own mic rob iome  tha t  is  evo lv ing  
on its own, independent o f o the r f ish in the  same env ironment. These re sults  
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suppo rt  the  sugges t ion tha t there is  l it t le  s tra in sha r ing among f ish housed in the  
rec ircu la t ing fac il ity a t the same  t ime . The feed ing tr ia l was  extended over a  
per iod  o f 12  months s ta r t ing wit h the PM d ie t  tr ia l fo l lowed with SPC  and  CM 
d iets  and  end ing w ith CPC  d ie t.  The  leas t  fish-based  c lus te r ing o f C.  
malta romat icum  s t ra ins  was observed in the P M tr ia l (F igure 6 .5 ), with more  
prominent  c lus ter ing by fish fo r  iso la te s co llec ted  in the la ter  feed ing tr ia ls .  
This  t rend  sugges ts tha t as  t ime  passes , ind iv idua l f is h deve lop  the ir  own 
mic rob iomes  which become p rogress ive ly more  d is t inc t  from o the r fish rea red in  
the same environment.  
The  intest ina l mic rob io mes o f ra inbow trout  have  been shown to  sha re  
common bac te r ia l spec ies rega rd less o f d ie t, a lthough the ir propo r t iona l 
abundances may be a ffected by d ie t (Huber, et  a l. 2004 ; Dimitroglou , et  a l.  
2009 ;  Mansfie ld ,  et  a l.  2010 ).  A core mic rob iome  was  a lso desc r ibed  for  zeb ra  
fish in a recent  s tudy look ing a t inte s t ina l mic rob io ta  o f fa rmed and  wild  zeb ra  
fish from d if fe rent geographic  loca t ions (Roese le rs , et  a l. 2011 ).  
Charac ter isa t ion o f the  intest ina l mic rob io ta o f ind iv idua l fish from this  tr ia l  
showed s imila r re sults in tha t C . ma ltaromat icum  was  iso la ted from a l l fish  
sampled and thus comprises part of a core microb iome for these rainbow trout . 
Charac ter isa t ion o f f ish intes t ina l mic rob io ta by culture dependent and  
independent me thods  ha s  shown tha t f ish intes t ina l mic rob io ta is  composed o f 
ce rta in bac te r ia l c lasses,  par t icu la r ly the  gamma subc lass  o f Proteobac ter ia  and  
F irmicutes (Huber,  et  a l.  2004 ; Merr if ie ld , et  al . 2010;  Navarre te ,  et  a l.  2010 ).  
This  sugges ts tha t the f ish intes t ina l environment is be tte r suited to only few 
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bac te r ia l c la sses,  C.  ma ltaromaticum  been one  o f them.  Based  on cases  where  
iso la te s from mult ip le f ish in the  same d ie t group  were  examined  (PM tr ia l,  2  
fish pe r inc lus ion ra te ) it was apparent tha t those f ish d id no t sha re identica l 
stra ins,  ind ica t ing tha t  the co re  mic rob iome  does no t exis t  beyond  the  spec i es  
leve l. These c lus te r ing pa t te rns suggest tha t the intes t ina l mic rob iome o f a fish,  
and  the  bac te r ia shed  in its  feces , do no t “contamina te” the  mic rob iome  fish  
downstream in the recircula t ing facility.  
To  summarize our re sults , we  found C.  ma lta romat icum  as a const ituent  o f 
the intes t ina l mic rob io ta  o f a ll f ish fed  with d iffe rent p lant  based ingred ients.  
GTG5  rep  PC R reso lved  intraspec ies  d ive rs ity with in C . ma lta romat icum and as  
the tr ia l p rogressed, f ish to fish va r ia t ion was more evident with ind iv idua l fish  
harbour ing s tra ins  unique to that ind iv idua l f ish  and more c lo se ly re la ted to  
each o ther  than to iso la te s from o the r f ish . This  is  encouraging fo r  future d ie t  
tr ia ls  exp lo it ing rec ircula t ing aquaculture  fac i l it ie s  s ince  it  sugges ts that  th is  
hous ing des ign does  no t  lead to  d ie t- independent  deve lopment o f inte s t ina l  
mic rob io ta and a co rrespond ing reduc tion in our  ab i lit y to  de tect  d ie t -assoc ia ted  




Chapter 7 Summary and conclusions  
7.1 Summary: 
P lant  ingred ients are used to  fo rmula te  aqua- feeds  with the  goa l o f 
reduc ing re l iance o f the  aquaculture  indus try on F M as  the  p r imary p ro te in  
source,  a s p roduc tion o f FM has dec reased  globa lly mak ing it  an expens ive  and  
non-sus ta inab le  re source (Tacon, et  a l.  2008 ). Rep lacement o f FM with p lant  
ingred ients has been repo r ted to re sult  in decreased growth perfo rmance and  
intes t ina l in f lammation in ca rnivo rous f ish and these nega tive e ffec ts on the  
hea lth o f f ish have been assoc ia ted wit h the  ant i- nutr it iona l fac to rs  p resent  in  
the p lant  ingred ients (Drew,  et  a l. 2007) . The  c r it ica l ro le  o f inte s t ina l  
mic rob io ta in intes t ina l deve lopment,  p ro tect ion from pa thogens  and  d iges t ion 
in f ish sugges ts tha t t he negative e ffec ts  o f p lant  ingred ients on intes t ina l  
phys io logy o f sa lmonid  fish a re  like ly med ia ted at  leas t pa rt ly through a lte ra t ion 
in the s tructure o f inte s t ina l mic rob io ta (Gomez, et  al . 2008 ; Merr if ie ld ,  et  a l.  
2010 ).  A cr it ica l firs t  s tep in va lida t ing th is  hypo thes is  is  to  demonstra te  that  
p lant ingred ient  based d ie ts  a re  assoc ia ted  with d is t inc t  inte s t ina l mic rob ia l  
pro f i le s compared  to a “go ld  s tandard” FM d ie t.  The  s tud ies  desc r i bed  in th is  
thes is were conduc ted to use a combina tion o f culture -dependent and cult ure-
independent me thods to crea te  a comprehens ive  invento ry o f the ra inbow trout  
inte s t ina l mic rob iome , to  determine  the s truc ture  o f the  intes t ina l mic rob iome  o f 
trout fed with d if fe rent  d ie ts  formula ted  us ing p lant ingred ients  (soybean,  
cano la and peas) a t two d iffe rent p rocess ing leve ls, and to invest iga te fish to  
fish variat ion in intes t ina l microb iome structure.  
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In the firs t tr ia l (C hap te r 3 ) we es tab l ished a comprehens ive sequence  
da tabase which gave an overa ll desc r ip t ion o f the ra inbow trout inte s t ina l  
mic rob iome  us ing cpn60  c lone l ib ra ry ana lys is ,  and qRT- PC R which eva lua ted  
abundance  o f spec if ic  bac te r ia l targe ts  in ind iv idua l f ish.  In add it ion to  
suppo rt ing the  hypo thes is  that  d ie t  e f fects on the  fish intes t ine  inc lude  ind irect  
e ffects med ia ted  through mod if ica t ions o f the intes t ina l mic rob io ta , the re sults  
a lso ind ica ted the importantance o f charac te r is ing the  intes t ina l mic rob iome o f 
ind ividua l f ish rathe r than po o led  samp les to  improve  the  identif icat ion o f 
s ign if icant d if fe rences in a complex env ironment with subs tantia l ind ividua l to  
indiv idua l variat ion.  
One o f the ma in a ims o f this pro jec t was to cha racter ise and de fine a  
“hea lthy intes t ina l mic rob iome”, prov id ing a re fe rence po int fo r future  
inves t iga t ions  o f new ingred ients a s su itab le and sus ta inab le  sources o f prote in.  
It  was specula ted tha t it  might  be poss ib le  to identify a subse t o f info rmative,  
ind ica to r spec ies , whose abundance is rep resentat ive  o f th e hea lthy mic rob iome.  
In this  s tudy we used  d if fe rent culture  and culture  independent too ls  result ing in  
descr ip t ions  o f the  t rout  inte s t ina l mic rob iome  over  a  wide  spec trum o f 
re so lut ion, from the overa l l mic rob iome f ingerpr int  to s tra in leve l reso lut ion o f 
cultured  bac te r ia.  Ir respec t ive  o f the d ie ts  fed  and  the  app roach to  cha rac te r ize  
the intes t ina l mic rob io ta, it  was obse rved that  gamma P ro teobac te r ia and  
F irmicutes were the dominant phyla  o f the t rout d is ta l inte s t ina l mic rob iome , in  
accordance with p revious s tud ies (Spanggaard , et  a l. 2000; Huber, et  a l. 2004;  
K im,  et  a l.  2007 ; N avarre te ,  et  a l.  2009 ; N avarre te ,  et  a l.  2010 ).  There was  
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cons ide rab le d ive rs ity a t the s tra in leve l be tween in id ividua l anima ls and  
subs tantia l va r ia t ion in the abundance o f bac ter ia l spec ies be tween ind ividua l  
fish.  These  re sults  a re  in acco rdance  with previous  s tud ies showing d if fe rences  
in the  re la t ive  abundance  o f bacte r ia l phylo types  (Benson, et  al . 2010)  in  
anima ls  with s imila r  hos t genotype (Ley,  et  a l.  2005 ; Wen ,  et  a l.  2008 ) and  
sha red  environment, and ind ica te tha t info rmation genera ted a t such high  
resolut ion is not useful for diagnos t ic purposes.  
More cons is tency was  obse rved a t higher taxonomic  leve ls . Da ta  
generated  us ing c lone  lib ra ry ana lys is  and pyrosequenc ing suggested  tha t  the  
intes t ina l mic rob iomes  o f f ish fed with d ie ts based  on p lant  ingred ients  had  a  
higher F irmicutes :P ro teobac te r ia rat io s and showed grea te r overa ll r ichness and  
d ive rs ity than mic rob iomes o f fish fed F M d ie ts. These cons is tent re sults,  
supp lemented  with DGGE ana lys is  tha t  showed  cons is tent  d if fe rence s  be tween 
mic rob ia l p ro fi le s  o f f ish fed  p lant  ingred ients  and  the  FM contro l d ie t,  ind ica te  
that  these techniques , which descr ibe the intes t ina l mic rob iome  a t a lower  leve l 
o f re so lut ion, could be ve ry use fu l fo r de tect ing d ie t assoc ia ted d is turbance o f 
this microb ia l commun ity.  
It has been shown in previous stud ies tha t p rocess ing o f p lant mea ls to  
pro te in concentra tes  results  in super io r  growth pe rfo rmance  (Borgeson , et  a l.  
2006 ;  Drew , et  a l.  2007 ). O ur  obse rvat ions  sugges t  a cons is tent d if fe rence  
be tween the  s truc tures  o f intes t ina l mic rob io ta o f f ish assoc ia ted  with the  FM 
contro l and  exper imenta l d ie ts.  These  d if fe rences  a re  smalle r  when fish a re  fed  
with pro te in concentra te  d ie ts based  on the  same p lant  ingred ients.  This  stra tegy 
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to reduce the ant inutr it iona l fac tors from the mea ls  by process ing them fur the r  
and mak ing the  p ro te in in the d ie ts more access ib le to the  fish should  be  
exp lo ited by the indus try to red uce its use o f FM and boost  sus ta inab il ity and  
growth o f this  indus try, a lthough add it iona l work may be required to make the  
produc tion o f p ro te in concentra tes economica lly v iab le . Growth ana lys is  o f fish  
showed  tha t  S BM and  CM based  d ie ts had  a nega tive  e ffec t , whereas  d ie ts based  
on the concentra te  ve rs ion o f the  p lant  ingred ients  had no e ffect  on the  growth.  
(Co llins , et  a l . 2011 ). F ur the rmore, the S BM d ie t was assoc ia ted  with an 
in f lammato ry response  in intest ina l t is sue  o f the f ish.  CM and  a l l o the r d ie ts  d id  
not  show any co rre la t ion with inf lammation (Mansfie ld,  G.S.  et  a l. , unpub lished  
da ta ).  Assoc ia t ion o f nega tive  growth and  in fla mmation wit h mea l based  d ie ts in  
ra inbow trout  may be  par t ia l ly be  an e ffec t o f  d irec t assoc ia t ion o f the d ie t o r  an 
ind irec t e ffec t  o f a ltera t ion o f the  gut  mic rob iota.  Comparing and  re la t ing  
find ings from this  thes is  to the hos t reponse  and growth outcome  da ta suggest  
that rep lacement o f up  to 30% o f FM from a  aquafeed with a p lant  p ro te in  
concentra te  ingred ient can be achieved with no  nega tive  e ffec ts on growth. Use  
o f loca lly grown and  p rocessed  p lant  ingred ients  in aqua feed  formula t ion such 
as  cano la  p ro te in concentrate,  wil l p rovide  Saska tchewan fa rmers  with an 
alterna t ive market. 
Space cons tra ints  a t the P ra ir ie  Aquaculture Resea rch Centre necess ita ted  
an exper imenta l des ign in which the ma jo r growth tr ia l desc r ibed in C hap te r 4  
was  conduc ted  over  a  yea r,  ra the r  than tes t ing a l l d ie ts s imu ltaneous ly.  An 
unexpected  outcome  o f th is  was  the  observa t ion o f changes in the  FM d ie t  
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assoc ia ted mic rob iome over this t ime per iod. This  resu lt draws a t tent ion to the  
fact  tha t f ish age  and length o f t ime  in the fa rm environment are po tentia l ly  
s ign if icant exper imenta l va r iab les. To be tte r und ers tand the e ffec ts o f d ie ts  on 
the intes t ina l mic rob io ta  and pe rmit  d irect  comparison o f mic rob ia l p ro f ile s  
assoc ia ted  with d if fe rent  ingred ients,  it  would  be  des irab le  to  cha rac ter ise  the  
intes t ina l mic rob io ta o f f ish a t d iffe rent ages and s tages o f ma tu r ity. The  
intes t ina l mic rob io ta o f ind iv idua l fish would  idea lly be pro fi led a t the  
beginning o f the t r ia l, and at  mu lt ip le  t ime  po ints dur ing the tr ia l.  This  would  
he lp in unders tand ing the success ion and dynamics  o f the intes t ina l mic rob iome  
in response to the experimenta l diet.  
F ina lly, it  is impera t ive tha t the f ind ings  a re co rre la ted to the growth and  
the hea lth o f the  f ish.  Results  from s tud ies a imed  a t  cha racter is ing the  intes t ina l  
mic rob iome  a re most  in fo rmative only when they are re la ted to  the  phys io log ica l 
outcomes o f the exper imenta l d ie ts. Fo rtuna te ly, the oppo rtun ity to accomplish  
this  is  a t hand.  The  work  descr ibed  in th is  thes is  is  pa r t  o f a  la rge r,  
inte rd isc ip l ina ry research p rogram and  the  results  desc r ibed he re  wil l be  
combined with add it iona l growth, hea lth and  nutr it iona l paramete rs  measured  by 
co llabo rat ing resea rchers  dur ing the desc r ibed feed ing tr ia ls  in an e ffo r t to  more  
fu l ly desc r ibe the  hos t-d ie t- mic rob iome  inte ract ions  that  de te rmine  the  ut i lit y o f 





1.  F irmicutes, espec ia lly lact ic  ac id bac te r ia , and gamma P ro teobac te r ia  
domina te  the  intes t ina l mic rob iome  o f fa rmed  ra inbow trout . The  
abundance  ra t io  o f F ir micutes  to Proteobac ter ia  was  cons is tent ly h igher  in  
fish fed a plant ingred ient diet compared to those fed the FM control diet.  
2.  The intes t ina l mic rob iota o f f ish fed with p lant ingred ient  based d ie ts is  
struc tura l ly d if fe rent from that  o f fish fed an F M based d ie t . However,  
this  d if fe rence  was le ss evident fo r  p lant  p ro te in concentrat e d ie ts  
compared to meal based diets.  
3.  S ubs tantia l f ish to f ish va r ia t ion in the  abundance o f ind iv idua l bac ter ia l  
spec ies was  observed , and p lant  ingred ient  a ssoc ia ted  mic rob ia l p ro fi le s  
were  not  genera l ly rep roduc ib le  at  the  leve l o f ind iv idua l bac ter ia l  spec ies  
in replica te feeding trials.  
4.  Ind iv idua l fish hos t  unique  co llec t ions  o f s tra ins  o f C . m alt arom aticum ,  
more c lo se ly re la ted  to each o ther  than to iso la te s from o ther  fish,  
suggest ing that  a lthough the f ish sha re  a co re  mic rob iome a t the  spec ies  
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